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ABSTRACT
It is important for designers to understand the usefulness of different engineering
representations in order to save time and money throughout a project. Designers often
rely on past experience to decide which model to construct; yet students without this
experience have no help. Interestingly there are noticeable gaps in the research literature
with respect to how and when to select representations and modeling approaches for
engineering designs.

This thesis examines the differences between three types of

engineering representations, specifically sketches, drawing packages, and physical
prototypes. The amount of information designers can extract from these representations
and also the correctness and confidence of the designers when examining these
representations is studied. Design reviews of concepts with respect to requirements
verification serves as the design task of this investigation. The data from this user study
is analyzed using descriptive and nonparametric statistics.

The results reveal that

designers are more confident and correct in making conclusions about whether a design
meets requirements when using high fidelity representations and physical representations,
specifically high fidelity prototypes. Low fidelity representations appear to be useful for
determining if a design meets functional requirements, but not geometric or
manufacturing requirements. The relationship between drawing packages and low fidelity
prototypes is still somewhat unclear and thus is an area for further research. The results
from this experiment lay the foundation for further research into the amount and types of
information contained within these representations.
ii
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CHAPTER 1
MOTIVATION
Mechanical engineering designers use many different representations throughout
the product design process, including physical prototyping of parts, systems, and
complete artifacts [1-7]. Recognizing that prototyping and virtual modeling consume a
great deal of time and resources, it is reasonable to argue that an informed cost-benefit
analysis is needed. The question is how does one measure benefit of a representation, be
that prototype or virtual? One approach to measure benefit is to look at the amount and
types of information contained within different representations, or the expressiveness of a
representation [8, 9]. Determining which representation is most appropriate to model or
fabricate in order to gain the desired information while minimizing time and expense is a
challenging task.

Currently, designers rely on past experience to determine which

representation to construct [10, 11]; however students and novice designers do not have
this experience from which to draw [12]. This challenge drives the need for research in
the field of engineering representations. To this end, this thesis begins to look at the
information contained within engineering representations by answering two broad
questions:
! What types of information can a designer extract from different representations?
! How confident is the designer that the information extracted reflects the actual
behavior of the final design?
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It is important to understand what types of information are contained within
representations because this may enable the designer to select an appropriate
representation through which to construct an associated model to get the desired
information without spending more time and money than necessary. The confidence of
the designer in the information extracted is a secondary level question but is important to
take into account. Take for example a designer who lacks confidence in the information
they extracted from a representation but it turns out that information is correct. By
conducting this research, it may be possible to increase the confidence of designers in the
information they extract if it is found that certain representations yield correct results but
at low confidence.
To answer these two broad questions, a user study experiment was conducted on
two sophomore mechanical engineering classes at Clemson University in the Fall of
2008. The students reviewed two different design representations, each from a different
design problem. This paper will begin with an overview of representation types, user
studies, design reviews, and abstraction in design. This is followed by the experiment
procedure, data analysis, and recommendations for when and what representations to
construct.

1.1

Engineering Representations Overview

A representation is a substitution of reality by symbolism [1]. Representations
can be expressed in textual, mathematical, iconic, and pictorial forms [1]. This paper
focuses on iconic and pictorial forms, specifically, sketches (Figure 1.1), solid models
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(Figure 1.2), and physical prototypes (Figure 1.3). These representations are useful for
idea generation, problem solving, and communicating [1-7]. Each representation can
provide different types and amounts of information. It is useless for a designer to
construct a representation without the purpose of gaining some desired information.
However, it is evident that determining which representation to use and when to use it is
unknown.

Further analysis of the advantages and disadvantages of sketches, solid

models, and physical prototypes are presented in Chapter 2.

Figure 1.1 - Example of a sketch created for a class project by Rachel Hannah.
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Figure 1.2 - Example of a solid model created for a senior design project by Fred
Heckroth.

Figure 1.3 - Example of a physical prototype created for a senior design project by
Sabrina Lau and Fred Heckroth.
1.2

Purpose of User Studies

A user study is one of several methods used for conducting design research. The
user study research method allows researchers to identify particular variables of interest
and observe the impact on the result of varying those factors [13]. Popular user study
methods include surveys, focus groups interviews, observation, and diary methods [1, 6,
10, 12-26]. They tend to focus on complex single activities, like the use of a design
method to solve or partially address a problem.
A user study must have a clearly defined objective that includes the hypotheses to
be validated, the problem statement, and description of the data to be collected in order to
4

verify the hypotheses [27, 28]. User studies are about people, behaviors, and contexts
and thus, various factors need to be considered in order to avoid bias in the result [29].
Some factors include gender, expertise, training, and socio-economic background. This
means that the experiment must be carefully designed to avoid influence of these factors
on the results. Also, several environmental factors may be considered such as external
noises, time of the day, and location of the experiment. The user study helps to extract
useful information about the users’ wants, expectations, and understandings. Apart from
this information, the user experiments help to obtain useful quantitative data, which can
be further analyzed to validate the hypothesis.

This makes user studies useful for

conducting design research.
In this user study, the designer and representation interaction is studied by way of
a design review. This experiment was carefully designed to avoid bias in the results by
using real rather than artificial representations.

A more detailed description of the

experiment setup is presented in Chapter 3.

1.3

Purpose of Design Reviews

A design review is a method to select and evaluate a given design or solution [30].
They are used to determine if a product meets requirements, identify problems, and
determine courses of action to correct those problems [7, 31].

Design reviews are

typically held, at a minimum, during the conceptual, embodiment, and detail stages of the
design project [7, 32]. A major activity of a design review is comparing the results from
the review against the initial requirements that may be captured in the product design
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specification (PDS) [4]. A PDS is created at the beginning of the project during the task
clarification phase and may evolve over the project life.

Some of the information

contained within a PDS includes, but is not limited to, requirements for functionality,
reliability, manufacturability, cost, and safety. Requirements lists are another simplified
form of documenting the project constraints and criteria that must be evaluated during the
design reviews [30]. Past experimentation on the roll of modes of communication and
information sharing in design reviews were conducted with requirements lists and
sophomore mechanical engineering students [13, 31, 34].
The experiment presented in this thesis simulates a design review by having the
students compare the representations they were reviewing with the requirements lists
given to them. They were not given a formal PDS; however, they were given the
requirements lists for the designs which is the core of the PDS document and has been
used in previous user study exercises focused on design review and representation,
information, and communication. The students individually determined whether they
believed the design met the given requirements based on the representation under
examination. Again a more detailed description of the experiment procedure is presented
in Chapter 3.

1.4

Abstraction of Design Representations

Abstraction of a representation is a function of the amount of explicit information
contained in the representation [1].

Determining when a representation is concrete

enough to yield desired information while minimizing time and expense is a fundamental
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challenge of engineering design [34]. The author had a personal experience where she
worked on a project that required her to model a component of a design in order to
analyze where the stress concentrations would be.

She began to model the whole

component and then realized this was not necessary.

Only a small portion of the

component needed to be modeled. The author ended up wasting about two hours simply
because she did not realize until after she begun what was actually necessary to model.
Only after a representation is constructed is the actual benefit known [35]; where benefit
is defined as the type and amount of information contained within the representation [36].
This paper attempts to further quantify benefit so future designers will know what to
expect before they construct a representation. By quantifying the type and amount of
information contained within different representations, it may be possible to generalize
characteristics specific to different representations.
This paper will use abstraction to help differentiate between high and low fidelity
representations. An information centric complexity measure is used as a means for
comparing design representations at different levels of abstraction [1, 37]. This measure
quantifies the amount of information contained within a representation using Equation 1
and is founded on the idea that as the amount of information increases, the complexity
increases and the level of abstraction decreases [37].
! " #$%&'(

(1)

Where V is the size of the vocabulary and v is the size of the representation. For
this research, the size of the vocabulary is defined as the number of elements in a
representation and the size of the representation is the number of unique elements in a
7

representation. A more detailed procedure of the utility of this measure is presented in
Chapter 2.
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CHAPTER 2
REPRESENTATIONS IN ENGINEERING DESIGN
This chapter provides a review of engineering representations exploring the
purposes for creating sketches, solid models, and physical prototypes as well as
advantages and disadvantages associated with these representations. Also included in
this chapter is an overview of a prototype taxonomy and complexity measure. The
taxonomy and complexity measure are used in Chapter 3 to classify and differentiate the
representations used in this experiment.

2.1

Sketches

Sketching during the design process is advantageous to the product design
outcome. It speeds up reasoning, concisely represents ideas, and provides insight and
unexpected connections [17, 18].

Sketches are useful to represent the form and

appearance, of an idea that was once just an image inside the designer’s head [38].
Sketching creates a lasting medium with which to communicate while simultaneously
solving the design problem [38].

Figure 2.1 is an example of a conceptual sketch

generated for a class project. The project consisted of designing device to carry children,
groceries, and/or books that could easily attach and detach to a bicycle. This sketch was
generated to communicate one of the possible design solutions to the professor. Sketches
are used extensively as a communication tool. They are used to communicate internally
to the designer as well as externally to people involved in the design project [39]. As the
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creator of the sketch in Figure 2.1, this was not the first draft of the trailer design. As the
author was sketching, she went through a couple revisions of the trailer design, adding
and refining components, before she finally settled on this sketch to present to the
professor.

Figure 2.1 - Example of a conceptual sketch designed to attach to a bicycle and
transport books, groceries, and children. Created by Rachel Hannah. Created for a
class project.
Sketches are useful as an idea generation method as it allows designers to
integrate ideas into concepts [7]. Impromptu sketches have been show to allow for
clearer thinking, which can help designers stabilize their ideas during the conceptual
10

design stage [17, 18]. Through the process of sketching, a designer has an internal
conversation [16]. Thus, the sketch contains internal information to the designer that
other team members may not realize or interpret the same way as the original designer
[19]. These misinterpretations of the sketch by the other group members may trigger
novel ideas for new design solutions [19]. A study on the role of sketch and text
misinterpretation found that graphical information proved more useful for idea generation
than textual information [17].

Graphical representations allow the user to process

information faster, understand the design concept clearer, and concisely represent the
design [17].

2.2

Solid Models

Three-dimensional solid models increase the designer’s conceptual capacity thus
increasing the quality of the design [7]. Another advantage of the solid model is the
ability to share information over the Internet increasing communication between
customers and suppliers [7]. A solid model can be transferred downstream to allow
engineering analysis like kinematic, stress, and thermal analysis to be completed without
having to build a physical prototype [7] allowing solid models to identify a significant
percentage of design issues [34]. Through the use of CAD/CAE and rapid prototyping,
Toyota has been able to identify design problems earlier in their development process
[34]. Some disadvantages of solid models are that they do not convey information
concerning how the product will be used by the consumer, its’ relationship to the
environment, manufacturability, or life cycle issues [42]. The majority of research in
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solid modeling software has been conducted on the user interface of these systems and
not on the utility or benefit that solid modeling plays throughout the design process as an
alternative representation [43-45].
An example of a solid model is shown in Figure 2.2. This fixture was designed to
aid in the instillation of taillights while maintaining tolerances and minimizing
installation time and maintenance intervals.

The solid model was modeled to

demonstrate to the design committee the functionality of a design concept as well as
demonstrate progress of the project from the previous week. The details of how this
fixture works are not clear because the model does not reveal information of how it will
interact with the environment around it. However, the solid model in Figure 2.3 is a
variation of the previous fixture but is placed in a partial environment. The partial
environment gives an idea of how the fixture will interact with the components around it
but it again does not give an idea of how a person is going to interact with it.

Figure 2.2 - Example of a solid model designed to aid in the installation of taillights.
Created by Fred Heckroth. Created for a senior design project
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Figure 2.3 - Example of a solid model placed in a virtual environment. Also designed
to aid in the installation of taillights. Created by Fred Heckroth. Created for a
senior design project
2.3

Prototyping

A physical prototype is a tangible representation of a design concept [43-48]. It
may be model of a subassembly or a full production model. Prototypes are valuable for
simulating a design solution in order to reduce risk without investing a great deal of time
and money into a complete production model [47]. Only through physical prototyping
and testing can one discover unexpected phenomena [49-52]. Additionally, prototypes
aid in design selection and communication between interested parties [52, 54]. Figure 2.4
demonstrates a prototype constructed to explain a design concept to a team member.
This particular team member had trouble understanding how the component, shaped like
an X, worked. Explaining and drawing the component on a chalkboard did not help him
understand the functionality of the component; however once he played with this simple
prototype constructed out of wood sticks he understood perfectly.
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Figure 2.4 - Example of a prototype created to aid the installation of taillights.
Created by Jason Fireovid. Created for a senior design project.
Although the use of prototypes is often encouraged both in academic and industry
settings, relatively little is known about how they actually help solve design problems
[20]. Yang conducted a user study examining prototypes built during a semester long
engineering project where she found that simpler prototypes correlated to better design
outcomes [1]. These quick, simple prototypes are often preferable to more detailed
prototypes because they can provide necessary information more quickly [55]. Ideally, a
prototype will provide the necessary information to continue forward with a design while
minimizing cost [45, 52].
It is known that each of the representations presented, sketches, solid models, and
prototypes, are helpful during the design process.
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Exactly how they are helpful is

unclear. This research will examine these representations to discover what information is
contained within each.

2.4

Prototyping Taxonomy

The physical prototype taxonomy proposed by Hannah, et al., is used to classify
the representations used in this experiment [56]. This taxonomy is represented in Table
2.1 and is divided into two main groups:

Factors of a Physical Prototype and

Characteristics of a Physical Prototype. The Factors of a Physical Prototype group
includes the factors that need to be taken into account before constructing a prototype
whereas the Characteristics of a Physical Prototype group describes a prototype after it
has been constructed. Although this taxonomy was developed specifically for physical
prototypes, it is applicable to the representations used in this experiment because only the
Factors of a Physical Prototype group is used.
Table 2.1 - Physical Prototype Taxonomy
Factors of a Physical Prototype

Communication

Declarative (Inform, Record)
Interrogative (Request, Propose, Test)
Imperative (Guide)
Intent
Mode of Communication (Visual, Tactile, Auditory, Mixed)
Form (is it acceptable, what is good/bad)
Function (does it function, how well does it perform)
Single Design

Fit (will it fit, how well does it fit)
Form (cursory evaluation of which ones are
acceptable)
Function (which ones work, which one performs
better)
Fit (which ones fit, which one fits better)

Evaluation Purpose

Multiple
Designs

Cost

Time (fabrication, procurement)
Availability (internal resources, external resources)
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Design Stage (clarification of the task, conceptual, embodiment, detailed, production)
Characteristics of a Physical Prototype
Number of parts relative to the final sub-system
Number of disciplines
Number of constraint questions that can be answered
Number of criteria questions that can be answered
Size
Relative scale (dimensioned) to final
Type (novel, variant)
Material
Fabrication

Intrinsic properties
Form
Joining methods
Part production processes

The secondary taxons under Factors of a Physical Prototype are Communication,
Evaluation Purpose, Cost, and Design Stage.

Prototypes are used to communicate

information and thus the mode of communication and communication intent are
considered in this taxonomy. Prototypes are often classified based on their evaluation
purpose [4, 18]. The need to evaluate a design behavior for form, fit, or function is the
driving force designers need to begin construction of a prototype [4, 30, 46, 57-60]. The
cost of the prototype is described by the amount of money and time available to construct
the prototype [30, 61, 62]. The abstraction of the prototype will depend on what design
stage the prototype is constructed during [7, 30, 46, 57, 58].
The secondary taxons under Characteristics of a Physical Prototype are Size,
Type, Material, and Fabrication. The size of the prototype is not only described by the
number of parts, but also the number of disciplines involved (e.g. electrical and
mechanical), the number of constraint and criteria questions the prototype can answer,
and the scale of the prototype relative to the final subsystem [60, 63]. The type of
prototype is either a novel prototype or a variation of an existing prototype [30, 63, 64].
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The materials of a prototype are classified by their intrinsic properties as well as their
form while the joining methods and production processes describe the fabrication of the
prototype [4, 62, 65, 66].
The application of a shared taxonomy will help designers obtain a common
understanding of prototypes, which will lessen the complex process of prototype
selection and fabrication [56]. An example application of the taxonomy presented above
is applied to the helical coil non-pneumatic wheel shown in Figure 2.5.

Figure 2.5 - Helical coil non-pneumatic wheel prototype
This wheel was constructed primarily to test functionality and performance
characteristics. The classification of this wheel is shown in Table 2.2 [56]. A similar
wheel was classified using this taxonomy and the results proved that the taxonomy
successfully differentiated between the two prototypes [56].
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Table 2.2 - Classification of helical coil non-pneumatic wheel using the prototype
taxonomy
Communication
Intent
Mode of
Communication
Evaluation
Purpose

Inform
Test

Imperative

Guide

Visual

Single Design

Factors of a
Physical
Prototype

Time

Internal
Resources

Cost

Classification
of helical coil
nonpneumatic
wheel
prototype

Declarative
Interrogative

External
Resources

Characteristics
of a Physical
Prototype

Design Stage

Embodiment

Size

No. of parts
relative to the
final product
No. of
disciplines
No. of
constraints met
No. of criteria
met
Scale of
prototype

Type

Variant

Material

Intrinsic
Properties
Form
Process
Joining Method

Fabrication
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Form
Function
Fit
Fabrication

Acceptable
Good
Satisfactory
20 Man hrs

Procurement
Material
Fabrication
Joining
Method
Material
Fabrication
Joining
Methods

1 Week
$0
$2000
$300
$1500
$0
$0

Same
Single
2
2
1:1

Min. Operating temp –
140K
Max. Operating temp –
140K
Post processed – sheets and
coils
Forming
Spring, nuts, and bolts

2.5

Complexity Measure

The complexity measure presented briefly in Section 1.3 is used to quantify
objectively the amount of information contained within the representations used for this
experiment. Quantifying information of different representations provides an objective
means to evaluate abstraction level, design effort, and design form size [37, 60]. The
level of abstraction of a representation is inversely related to the amount of information
contained within that representation [37, 60]. To measure information, the structural
complexity measure is used. Equation 1 is presented again for reference.
! " #$%&'(

(1)

Where V is the size of the vocabulary and v is the size of the representation. The
size if the vocabulary is the summation of the number of unique operators and unique
operands and is directly related to the information contained with a representation [37,
66].

The size of the representation is defined as the summation of the number of

instances of operators and operands [37, 66]. An example application of this complexity
measure is applied to the sketch of the lawnmower in Figure 2.6.
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Figure 2.6 - Sketch of a lawnmower created specifically to be used for a simple
example to apply the complexity measure. Created by Rachel Hannah
The size of the vocabulary for this lawnmower is V=5 and the size of the
representation is v=7 for a total of 10 bits of information. To aid in the understanding of
the application of this complexity measure, a breakdown of Figure 2.6 is presented in
Table 2.3.
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Table 2.3 – Breakdown of the lawnmower sketch into the size of the vacabulary and
representation.
Size of Vocabulary (V)

Size of Representation (v)

V=5

v=7
) " *+,&-( " ./01234

Note that this measure is used to compare the amount of information contained
within representations independent of the type of information. Quantifying the amount of
information using this measure provides a means for careful and explicit characterization
of complexity [66].
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CHAPTER 3
EXPERIMENT OVERVIEW
The experiment with sophomore mechanical engineering students as subjects
consisted of analyzing an engineering representation to determine which requirements the
students believed the design met. There were two design problems given to the students.
Only two problems were given to the students so as to not overwhelm them and so the
experiment could be conducted within one 50-minute class period. Each design problem
had a sketch, solid model, low fidelity prototype, and high fidelity prototype
representation as a solution to the specific design problem. These design problems were
corporate sponsored real world problems given to one of the mechanical engineering
research labs at Clemson University. The subsequent design solution representations
were generated by undergraduate and graduate students in this research lab and not by the
sophomore students used in the experiment. Thus, the students used in this experiment
did not have bias in their answers.

Further description of the participants, design

problems, design solution representations, and experiment procedure are discussed
below.

3.1

Participants

The participants in this user study were students enrolled in Foundations of
Mechanical Systems (ME 202) course in the Fall of 2008.

This is a sophomore

mechanical engineering course that introduces students to basic principles of design,
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problem solving, and physical elements of mechanical engineering systems. This is one
of the first courses offered for mechanical engineering majors at Clemson University.
Age, gender, and experience were not controlled in this experiment. However, the
majority of the populations in ME 202 are sophomore college students with
approximately 5% female students. Two classes were involved in this experiment, one
class consisting of approximately 20 students and the other of approximately 40 students.
Each class was 50 minutes in length, taught by the same professor.

3.2

Design Problems

Two design problems were presented to the students.

These problems were

chosen for this experiment because they are real world industry problems given to the
research labs at Clemson University. They were also chosen because they are similar in
complexity in that they were both semester long projects that designed experimental test
equipment. One design problem consisted of developing an apparatus to test the traction
of various tread designs.

Figure 3.1 displays the problem description given to the

students. The solutions to this design problem were termed Annulus. This problem
description was generated by the design team members involved in the Annulus project.
The requirements list for the Annulus is shown in Table 3.1. The requirements for
this project were generated by the team members of the Annulus project, but many were
modified to reflect sophomore level language. These requirements are classified into
three common types of requirements: functional, geometric, and manufacturing
requirements.
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Figure 3.1 - Annulus design problem description given to the participants of this
experiment
Table 3.1 - Requirements list for the Annulus design problem

Function
Have the ability to vary a
normal (straight down)
load up to 500kg

Annulus Requirements List
Geometric
Must not exceed floor
space of 10mx10m

Measure applied load
Allow easy
interchangeability between
material samples

Apply a load vertically
within 5° range

Minimize number of
parts

Minimize maintenance
Be able to lift by 4 people

Minimize cost
Able to be constructed
by sophomore students

Keep operator safe
Remain steady while in
operation
Do not require the operator
to exert a normal amount of
effort to operate machine

Use readily available
materials

Able to be constructed in
a week

Provide rigid connection
between tread and fixture
Measure slip between soil
and tread
Operate at 10kph

Manufacturing
Use recyclable materials

Accommodate a material
sample patch no smaller
than the diameter of a
softball
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Minimize time interval
between inspections

The second design problem consisted of designing an apparatus to test the wear of
wheels on various surfaces. Figure 3.2 displays the problem description given to the
students.

The solutions to this design problem were termed Mini-go-round.

This

problem description was generated by the team members involved in the Mini-go-round
project.

Figure 3.2 - Mini-go-round design problem description given to the participants of
this experiment
The requirements list for the Mini-go-round is shown in Table 3.2.

The

requirements for this project were generated by the team members of the Mini-go-round
project. Many of these requirements were also modified to reflect sophomore level
language.
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Table 3.2 - Requirements list for the Mini-go-round design problem
Mini-go-round Requirements List
Function
Geometric
Manufacturing
Minimize number of
Must run continuously for
Allow suspension travel of parts
1000 hrs
at least 10cm
Use readily available
Provide rigid connection
materials
between wheel and fixture
Have the ability to vary a
Must not exceed floor
normal (straight down)
Minimize maintenance
space of 10mx10m
load up to 500kg
Able to be constructed in
a week
Measure applied load
Minimize time interval
between inspections
Allow easy
interchangeability between Be able to lift by 4 people Able to be constructed
tread samples
by sophomore students
Keep operator safe
Do not require the operator
to exert a normal amount of
Minimize cost
effort to operate machine
Accommodate various
Allow easy
wheel diameters (1.3m and
interchangeability between 29 in)
soil samples
3.3

Design Solution Representations

Four design solutions representations were constructed for each design problem:
a sketch, solid model, high fidelity prototype, and low fidelity prototype.

These

representations were constructed by members of the respective design project and not by
the sophomore students used for this user study experiment. A short discussion of each
representation is presented below.
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3.3.1

Sketches

The Annulus sketch (Figure 3.3) was drawn, according to the original design
team, for the purpose of internally communicating an idea to the other members in the
design group. This sketch contains graphical as well as numerical information. It was
drawn during the conceptual design stage as a possible solution to the design problem.
The complexity of this sketch is I=39 bits of information where the size of the
representation is v=19 and the size of the vocabulary is V=13. A breakdown of the size
of the vocabulary and representations can be found in Appendix A.

Figure 3.3 - Sketch of Annulus
Figure 3.4, the schematic of the Mini-go-round, was drawn on the computer with
the intent of communicating internally to other members of the design group. This
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schematic contains informative labels about the major components of the design.
d
The
reason the designer chose to use the computer instead of sketching the concept by hand
was simply because that designer dislikes hand sketching. This sketch was also drawn
during the conceptual design stage aas a possible solution to the design problem.
problem The
complexity of this sketch is I=
I=45 bits of information with the size of the vocabulary V=15
and the size of the representation v=20. A breakdown of the size of thee vocabulary and
representation for the Mini-go
go-round sketch can be found in Appendix A.

Figure 3.4 - Sketch of Mini-go-round
These two low fidelity sketches are classified as such because the intent of
creating the sketches was to communicate a preliminary concept to the respective design
teams.. Additionally, the complexity values (39 and 45) are low relative to the solid
model complexity values. It must be noted that because these representations were
constructed as possible solutions to the desig
design
n problems and were not constructed for this
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experiment, they were not created to convey identical information, for the same purpose,
or even with the same level of skill of the designer.
3.3.2

Solid Models

The solid Annulus model is shown in Figures 3.5-3.8. This model contains key
dimensions and was projected so as to be visible and legible to every student. The
students were given information that the units displayed in the solid model are in inches
and materials used for the Annulus design are wood, sand, aluminum, and steel. They
were given this information because the solid model was to simulate a drawing package
which is a representation one would see at a design review. The model took about five
hours to create with the intent of conducting an internal design review. The complexity
of the model is I=89 bits of information with the size of the vocabulary V=22 and the size
of the representation v=57. This has more than twice the bits of information than the
Annulus sketch which had I=39 bits of information verifying the sketch is low fidelity
and the solid model is a high fidelity representation. A breakdown of the size of the
vocabulary and representation can be found in Appendix A.
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Figure 3.5 - Isometric view of solid Annulus model

Figure 3.6 - Top view of solid Annulus model
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Figure 3.7 - Front view of solid Annulus model

Figure 3.8 - Right side view of solid Annulus model

31

The solid Mini-go-round model is shown in Figures 3.9-3.12. These figures were
also projected on a screen with information that the units are in inches and the materials
are steel, rubber (tire), and aluminum. Note in Figure 3.5 that the components of the
Annulus are shaded to reflect material choices by the designers however; this is not the
case in Figure 3.9 of the solid Mini-go-round model. This is another example where the
use of real representations may convey different information despite both being classified
as solid models. The Mini-go-round model was generated to conduct a design review,
create a bill of materials, and communicate externally to sponsors of the design project.
It took about twenty hours to generate. The complexity of this model is I=186 bits of
information where the size of the vocabulary is V=38 and the size of the representation is
v=133. This is four times the amount of information of the low fidelity sketch of the
Mini-go-round (I=45 bits of information). A breakdown of the size of the vocabulary and
representations can be found in Appendix A.

Figure 3.9 - Isometric view of solid Mini-go-round model
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Figure 3.10 - Top view of the solid Mini-go-round model

Figure 3.11 - Front view of solid Mini-go-round model
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Figure 3.12 - Right side view of solid Mini-go-round model
3.3.3 Low Fidelity Prototypes
Figure 3.13 is a low fidelity prototype of the Annulus solution. This prototype
was constructed out of mostly cardboard and took less than one hour to construct. This is
the only prototype that was constructed specifically for this experiment and not by the
designers associated with the Annulus project. It was necessary to fabricate a low fidelity
prototype of the Annulus because the project members did not construct one that could be
used for this experiment. Ideally all the representations would have been constructed by
members associated with the projects; however this was not the case and could not be
avoided. Care was taken to use only available materials similar to what might be used in
the construction of an actual low fidelity prototype. The complexity of this prototype is
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I=34 bits of information where the size of the vocabulary is V=10 and the size of the
representation is v=28. A breakdown of the size of the vocabulary and representation can
be found in AppendixA.

Figure 3.13 – Low fidelity prototype of Annulus
Figure 3.14 is a low fidelity prototype of the Mini-go-round solution.

This

prototype was constructed out of LEGOs to demonstrate and test the functionality of the
design. It took approximately one hour to build. The complexity of this prototype is
I=103 bits of information where the size of the vocabulary is V=26 and the size of the
representations is v=51. This prototype is considered a low fidelity prototype because of
the materials it was constructed with, the design stage it was constructed during and its
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complexity relative to the high fidelity prototype. A breakdown of the size of the
vocabulary and representations can be found in AppendixA.

Figure 3.14 – Low fidelity prototype of Mini-go-round
3.3.4 High Fidelity Prototypes
Figure 3.15 is the high fidelity prototype of the Annulus. This prototype was
constructed during the detail design stage and took approximately twenty hours to build
over the span of two weeks. It was constructed with the intent of testing functionality.
The complexity of the Annulus prototype is I=96 bits of information where the size of the
representation v=53 and the size of the vocabulary is V=24. A breakdown of the size of
the vocabulary and representations can be found in AppendixA..
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Figure 3.15 - High fidelity prototypes of Annulus
Figure 3.16 is the high fidelity prototype of the Mini-go-round.

This was

constructed by four people over the span of a month and took a total of 80 hours to
complete.

This prototype was also constructed to demonstrate functionality.

The

complexity of the Mini-go-round prototype is I=177 bits of information where the size of
the representation v=155 and the size of the vocabulary is V=35. A breakdown of the size
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of the vocabulary and representations can be found in AppendixA. Both high fidelity
prototypes are currently being used to support physical testing within the research group.

Figure 3.16 - High fidelity prototype of Mini-go-round
Table 3.3 captures the comparison between the different representations with
respect to level of detail, representation mode, and information content.

The

complexities of the high fidelity representations are more than double the complexities
for the low fidelity representations of the Annulus while the complexities are nearly
double for the Mini-go-round representations. Thus there is a clearly defined difference
between the high and low fidelity representations.
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Table 3.3 - Information content of the experiment representations using the
complexity measure
Information Content (bits)
Sketch
Low Fidelity
Low Fidelity Prototype
Drawing
Package
High Fidelity
High Fidelity Prototype
3.4

Annulus
39
34
89
96

Mini-go-round
45
103
186
177

Procedure

The experiment extended over a period of two 50-minute class periods per class.
On the first day during the regular class period a lecture on the role of prototyping and
modeling in engineering design was provided to each class by the same guest lecturer to
control the information provided to the students. This lecture was given to calibrate the
students on the uses of prototyping because, for many students, this was their only
experience with prototyping. The complete lecture presentation can be found in 0.
Two days later during the regular class period, each student was given a packet
containing the problem descriptions for the two design problems, a list of requirements
that each design was supposed to meet, and a questionnaire about the student’s past
design project history (Appendix C). Figure 3.17 displays what the first sheet of the
packet looked like for the high fidelity prototype of the Mini-go-round. The information
contained on this sheet included the student number, design problem, representation to be
examined, room where the representation was located, problem description, and
directions. The student number was for internal use only and is discussed later.
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Figure 3.17 - Sample of the 1st page of the packet given to the students
On the list of requirements sheet, next to each requirement listed was a Likert
scale. The students had to indicate; based on the representation they were examining,
whether the design met the requirement and how confident they were about this decision.
Their options were the design: 1) does not meet, 2) may not meet, 3) can’t tell, 4)
possibly meets, or 5) does meet the requirement.
Only two design solution representations were presented to the students: one
representation of the Annulus design problem and one representation of the Mini-go40

round design problem. The order and specific representations each student examined are
shown in Table 3.4. The column on the left side represents the students. A total of 42
students participated in the experiment. Once 20 students were handed their packets, the
order displayed in Table 3.4 was repeated.

The abbreviated labels on the top row

represent the specific representation. The letters Sk stands for sketch, Sm stands for solid
model, L stands for low fidelity prototype, and H stands for high fidelity prototype. After
each dash there is either an A or an M representing Annulus and Mini-go-round
respectively. In the body of the table are 1’s and 2’s. The number 1 means the student
looked at that representation first and the number 2 means the student looked at that
representation second. For example, the student that received a packet with the number 9
would have examined the solid model Mini-go-round first and then the low fidelity
prototype Annulus second. The order each representation was examined was varied to
ensure the order did not affect the results. The results for the order each representation
was analyzed is verified in Chapter 4. Each student only examined one representation
from each design problem to make certain they would not have a bias in their responses
from examining a different representation mode for the same design problem. Meaning,
for example, they would not examine a high fidelity prototype of the Annulus and then a
sketch of the Annulus. After looking at the high fidelity prototype Annulus, it would be
difficult to forget what they just saw when responding to the questions for the Annulus
sketch. Also each student examined one graphical and one physical representation to
ensure a more equal spread of the results.
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Table 3.4 - Matrix specifying which two representations each student examined
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Four rooms were used in this experiment with two representations (one Annulus
and one Mini-go-round representation) in each room. Putting two representations in the
same room for the same design problem was deliberately avoided so the students would
not have a bias in their responses from seeing another representation of the same design
problem. Also, no two similar representations were put in the same room (i.e. the sketch
of the Annulus and sketch of the Mini-go-round). This was done to avoid confusion
concerning which representation to look at once the student arrived at their specified
room. One proctor was assigned to each room. The proctors were instructed only to
answer questions concerning clarification of the directions and instruct the student when
to start and stop examining each representation. The students had two minutes to read the
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first problem statement and ask the proctor questions they may have. The students then
had eight minutes to answer the list of requirements for their first representation. It
should be noted that a pilot study, using graduate students from the CEDAR (Clemson
Engineering Design Application and Research) Lab was conducted to calibrate the
appropriate timing of the experiment. Once they finished, the students moved to their
next assigned representation, which may have required a room change. The procedure
repeated with two minutes to read the problem statement and eight minutes to answer the
requirements sheet. After the students completed examining their representations, they
were instructed to complete the questionnaire on their past design experience. The
questions from this questionnaire were from another graduate student to be used in his
research but served a useful role here to help ensure those students who finished earlier
than others did not leave too quickly and thereby disturbing the remaining students. The
experimental results are presented in Chapters 4-6 where Chapter 4 is an internal
validation of the experiment assumptions and Chapters 5 and 6 present the external
analysis of the experiment results.

43

CHAPTER 4
EXPERIMENT RESULTS: INTERNAL VALIDATION OF EXPERIMENTAL
PROTOCOL
This chapter checks the validity of the experiment assumptions. The following
assumptions were made.
!

There is no difference in responses between the two classes

!

The order in which the representations were examined does not make a difference

!

The Annulus and Mini-go-round problems are similar

!

Like representations are similar (i.e. the solid model Annulus and solid model
Mini-go-round are similar)
These assumptions will be tested by looking at the student responses, the correct

student responses, and the students’ confidence in their responses. Definitions and further
discussion on the analysis protocol is presented in the next section.

4.1

Analysis

The results for this experiment are analyzed using descriptive and non-parametric
statistics. It is necessary to analyze the results using non-parametric statistics because the
responses from the students are ordinal. The Mann-Whitney U test is a non-parametric
method to compare two independent random samples of ordinal data and makes no
assumption about the distribution of the data. This test is used to test for significant
difference between the student responses and correct student responses.
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A correct

student response is one where the student said a design does or does not meet a
requirement when this is correct. Table 4.1 displays the requirements for each design
problem with the shaded cells representing the requirements that the final design
solutions did not meet. For example, if a student was examining a sketch of the Annulus
and responded that the Annulus does not have the ability to vary a normal load up to
500kg; this would count as a correct student response.
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Table 4.1 - Requirements list for each design problem where the shaded cells
represent the requirements the two designs did not meet
Annulus Requirements
Have the ability to vary a normal
(straight down) load up to 500kg
Must not exceed floor space of
10mx10m
Measure applied load
Use recyclable materials
Use readily available materials

Mini-go-round Requirements
Minimize number of parts

Allow suspension travel of at least
10cm
Use readily available materials
Must run continuously for 1000 hrs
Minimize maintenance
Provide rigid connection between
Apply a load vertically within 5° range
wheel and fixture
Have the ability to vary a normal
Be able to lift by 4 people
(straight down) load up to 500kg
Must not exceed floor space of
Minimize number of parts
10mx10m
Allow easy interchangeability between
Able to be constructed in a week
material samples
Able to be constructed in a week
Be able to lift by 4 people
Accommodate various wheel
Minimize maintenance
diameters (1.3m and 29 in)
Provide rigid connection between
Minimize time interval between
tread and fixture
inspections
Minimize cost
Measure applied load
Accommodate a material sample patch
Able to be constructed by sophomore
no smaller than the diameter of a
students
softball
Measure slip between soil and tread
Minimize cost
Allow easy interchangeability between
Operate at 10kph
tread samples
Allow easy interchangeability between
Keep operator safe
soil samples
Able to be constructed by sophomore
Keep operator safe
students
Do not require the operator to exert a
Remain steady while in operation
normal amount of effort to operate
machine
Do not require the operator to exert a
normal amount of effort to operate
machine
Use recyclable materials
Minimize time interval between
inspections
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The confidence of the students in their responses is also investigated.

The

directions on the firstt page of the packets given to the students indicated the confidence
level of the responses (Figure
Figure 4.1).
). These confidence levels are used to descriptively
describe the confidence of the responses.

Figure 4.1 - Directions given to the students indicating the confidence levels of their
responses
4.2

Class

The student responses from the two classes are analyzed to check if the
assumption that the responses from the two class populations are in fact similar. The
relative percentage of student response
responses from each class is displayed in Figure 4.2. The
two classes display a similar trend. However the Mann-Whitney U test concludes there is
a significant difference between the responses for each class with a confidence interval of
95% and two-tailed P<.001.. The significant difference value is displayed in Table 4.2
along with the amount of information each class perceived they extracted from the
representations. The amount of information extracted from each representation is
measured by adding the percent of all responses except the can’t tell responses. Thus, if
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the students were able to extract any information from the representations, regardless if
the information they extracted was correct, this was interpreted as information gained
from the representation. This is similar to how Sen et al measured information by
looking at how many questions one was able to answer [68]. The students from class 1
were able to extract more information than the students from class 2. This is due to a
difference between the responses for the functional and geometric requirements (Table
4.2).
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Figure 4.2 - Relative % of responses for each class
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Table 4.2 – Significant difference and perceived amount of information extracted
from the representations for each class
Comparison

Significant
Perceived
Perceived
Class with the
Difference
amount of
amount of
greater amount
between student information for information for of perceived
responses?
Class 1 (%)
Class 2 (%)
information

Class
Function
Geometric
Manufacturing

Yes (<.001)
Yes (.006)
Yes (.001)
No (.060)

73.4
73.2
78.8
73.1

67.7
65.5
73.3
67.3

Class 1
Class 1
Class 1
Same

There is also a significant difference between the correct student responses where
the students from class 1 were more often correct (Figure 4.3). However, from looking at
Table 4.3, there is not a significant difference in both the does not meet and does meet
responses.
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Figure 4.3 - Relative % of correct student responses for each class
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Table 4.3 - Significant difference values between correct student responses for the
two classes
Comparison
Correct Answer
Class
Function
Geometric
Manufacturing

Significant
Difference
Correct Answer
Yes (<.001)
Yes (.012)
Yes (.005)
No (.151)

Significant
Significant
Difference Does Difference Does
not meet
meet
No (.252)
No (.303)
No (.173)
No (.097)
No (1.000)
No (.766)
No (.916)
No (.960)

The confidence of the students in their responses is checked to see if there is a
noticeable trend. Confidence is measured by the percentage difference between the two
classes for the does not meet, does meet, and can’t tell responses. A positive value in
columns two and four of Table 4.4 represent more confidence for class 1 while the same
is true for negative values in column 3. The shaded cells represented more confidence for
class 1.
Overall, class 1 was more confident in their responses even though all the does
not meet responses, except the functional responses, display more confidence for class 2.
The confidence of class 2 for does not meet responses is relatively small in magnitude
compared to the confidence of class 1 for both the can’t tell and Does meet responses.
Table 4.4 - Confidence of the student responses for each class
Comparison

Class
Function
Geometric
Manufacturing

% “Confidence”
% “Confidence”
% “Confidence”
Difference of Class 1 Difference of Class 1 Difference of Class 1
and Class 2 for Does
and Class 2 for
and Class 2 for
not meet (%)*
Can’t Tell (%)**
Does meet (%)*
-0.7
-6.5
9.4
0.8
-7.6
10.7
-1.5
-5.5
13.9
-1.7
-5.8
5.9
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*Positive values represent more confidence for Class 1
** Negative values represent more confidence for the Class 1
Shaded cells represent more confidence for Class 1
The assumption that the two classes are similar was partially supported. There is
a significant difference between the responses but not between the correct responses.
Also, class 1 perceived more confidence in their responses. This could be due to the fact
that one class was at 8AM and the other was at 10:10AM so the alertness of the students
may have differed. Some additional factors may have included the fact that honor
students at Clemson University and students with more credit hours are able to register
before other students. Thus one class time may have been more desirable over the other
resulting in a difference in GPA between the classes.

The difference of responses

between the two class populations may have been avoidable. However, this would have
required an extensive amount of research and surveys of the participants in order to
balance the two populations.

Even if this had been done, there would still be no

guarantee of similar responses. The complete details of the statistical analysis are located
in Appendix D.

4.3

Order

The next assumption made was that the order in which the representations were
examined had no effect. The relative percent of the student responses are shown in
Figure 4.4 with the responses from the representations that were examined first on the left
and the responses from the representations that were examined second on the right. From
Figure 4.4 and the results of the Mann-Whitney test, there is no significant difference
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between the responses. The results from the Mann-Whitney test as well as the perceived
amount of information extracted from these representations are summarized in Table 4.5.
Additionally, there is no significant difference between the functional, geometric, and
manufacturing responses.
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Figure 4.4 - Relative % of responses for the order of examining representations
Table 4.5 - Significant difference and perceived amount of information extracted
from the representations based on the order they were examined
Comparison

Order
Function
Geometric
Manufacturing

Significant
Perceived
Perceived
Order with the
Difference
amount of
amount of
greater amount
between student information for information for of perceived
responses?
representations representations
information
st
nd
Answered 1
Answered 2
(%)
(%)
No (.362)
71.1
70.4
Same
No (.155)
68.1
69.9
Same
No (.319)
76.4
75.3
Same
No (.442)
71.5
68.6
Same
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The order the representations were examined also had no effect on the percent of
correct responses. These significant difference values are presented in Table 4.6.
Table 4.6 - Significant difference values for the correct responses for the order the
representations were examined
Comparison
Correct Answer
Design Problem
Function
Geometric
Manufacturing

Significant
Difference
Correct Answer
No (.119)
No (.090)
No (.349)
No (.946)

Significant
Significant
Difference Does not Difference Does
meet responses
meet responses
No (.162)
No (.385)
No (.450)
No (.979)
No (1.000)
No (.590)
No (.597)
No (.318)

From Table 4.7, it appears the students were slightly more confident in their
responses when examining their second representation.
Table 4.7 - Confidence of the student responses for the order they examined the
representations.
Comparison

% “Confidence”
% “Confidence”
Difference of
Difference of
answered 1st and
answered 1st and
answered 2nd for
answered 2nd for
Does not meet (%)*
Can’t Tell (%)**
Design Problem
0.5
0.6
Function
0.2
-1.8
Geometric
-2.1
1.2
Manufacturing
3.3
17.1
*Positive values represent more confidence for answered 2nd
** Negative values represent more confidence for answered 2nd
Shaded cells represent more confidence for answered 2nd

% “Confidence”
Difference of
answered 1st and
answered 2nd for
Does meet (%)*
3.6
5.6
5.9
10.5

The order in which the representations are examined does not increase or decrease
the amount of information extracted from a representation. Additionally there is no
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difference in the correctness of the responses. The students may have been slightly more
confident in their responses when examining the second representation. The assumption
that the order in which the representations are examined does not make a difference in the
responses is supported. The complete results are presented in Appendix D.

4.4

Design Problem

The Mini-go-round and Annulus design problems were assumed to be similar.
Figure 4.5 displays the relative percentage of student responses for each design problem.
It appears the student responses are different because there are more possibly meets and
less can’t tell responses for the Mini-go-round. The result from the Mann-Whitney test
confirms there is a significant difference in the responses for these two design problems
(Table 4.8). Overall, the students perceived they gained more information from the Minigo-round representations than the Annulus representations. Interestingly, there is not a
significant difference between the student responses for the geometric requirements.
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Figure 4.5 - Relative % of responses for each design problem
Table 4.8 - Significant difference and perceived amount of information for the two
design problems
Comparison

Significant
Difference
(Answer)

Design Problem
Function
Geometric
Manufacturing

Yes (.004)
Yes (<.001)
No (.336)
Yes (.001)

Perceived
Perceived
amount of
amount of
information for information for
Mini-Go-Round
Annulus
representations representations
(%)
(%)
75.0
66.7
75.7
63.0
77.6
74.1
74.9
67.3

Representation
with the greater
perceived
amount of
information
Mini-go-round
Mini-go-round
Same
Mini-go-round

Overall, there is not a significant difference between the correct student responses
even though there is a significant difference between the correct student responses for the
functional, geometric, and manufacturing requirements (Table 4.9).
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Table 4.9 - Significant difference values for the correct responses for the two design
problems
Comparison
Correct Answer
Design Problem
Function
Geometric
Manufacturing

Significant
Difference
Correct Answer
No (.133)
Yes (<.001)
Yes (<.001)
Yes (<.001)

Significant
Difference Does not
meet
No (.527)
No (.869)
No (1.000)
Yes (.024)

Significant
Difference Does
meet
Yes (.050)
No (.105)
Yes (.001)
No ( .078)

Overall, there does not appear to be a significant difference in the confidence of
the student responses for one design problem over the other. However, when examining
Table 4.10, the students were more confident in answering does not meet or does meet for
the Annulus design problem and less likely to say can’t tell if a representation met a
requirement. Again, overall it there appears to be no statistically significant difference in
the confidence of the students in their responses for the two design problems.
Table 4.10 - Confidence of the student responses for each design problem.
Comparison

% “Confidence”
% “Confidence”
Difference of Mini- Difference of Minigo-round and
go-round and
Annulus for Does
Annulus for
not meet (%)*
Can’t Tell (%)**
Design Problem
3.4
8.2
Function
7.5
12.7
Geometric
-1.0
3.5
Manufacturing
1.0
5.6
*Positive values represent more confidence for the Annulus
** Negative values represent more confidence for the Annulus
Shaded cells represent more confidence for Annulus

% “Confidence”
Difference of Minigo-round and
Annulus for
Does meet (%)*
0.2
-17.5
13.6
12.5

To summarize, there is a significant difference in the perceived amount of
information extracted from the two design problems but not between the correct
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responses. Also, there is no difference in confidence of the students in their responses for
the two design problems.

Even though there is a difference in the responses, the

assumption that the problems are similar is considered supported because the correctness
of the response holds a heavier weight in the analysis of the results. The significant
difference of the responses is taken into consideration for the external analysis of the
results. The complete design problem results are in Appendix D.

4.5

Within Types

4.5.1

Sketches

The relative percentage of responses for the Mini-go-round sketch is shown on the
left and the Annulus sketch is shown in the right in Figure 4.6. There is about 15% more
can’t tell responses for the Annulus than the Mini-go-round sketch. The students also
said it was more likely the Mini-go-round problem met or possibly met the requirements.
Overall there is a significant difference in the responses for the two sketches with the
Mini-go-round sketch containing more information (Table 4.11). Additionally there is a
significant difference between the functional responses with the Mini-go-round sketch
again containing more information. This could be due to the informative labels on the
Mini-go-round sketch. There is not a significant difference between the two sketches for
the geometric and manufacturing requirements
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Figure 4.6 - Relative % of responses for the two sketches

Table 4.11 - Significant difference and perceived amount of information for the two
sketches
Comparison

Significant
Difference
(Answer)

Design Problem
Function
Geometric
Manufacturing

Yes (<.001)
Yes (<.001)
No (.985)
No (.429)

Perceived
Perceived
Sketch with the
amount of
amount of
greater
information for information for
perceived
Mini-Go-Round Annulus sketch
amount of
sketch (%)
(%)
information
66.3
52.0
Mini-Go-Round
74.5
48.1
Mini-Go-Round
64.2
68.8
Same
59.0
47.9
Same

Even though there is a significant difference in the responses, there is not a
significant difference between the correct responses for the two sketches except for the
geometric requirements (Table 4.12).

There is a significant difference between the

sketches for the geometric requirements because there is not any does not meet geometric
responses for the Mini-go-round sketch.
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Table 4.12 - Significant difference values for the correct answers for the two
sketches
Comparison
Correct Answer
Design Problem
Function
Geometric
Manufacturing

Significant
Difference
Correct Answer
No (.748)
No (.057)
Yes (.008)
No (.428)

Significant
Significant Difference
Difference Does not
Does meet
meet
No (.768)
No (.248)
No (.857)
No (.492)
No mini responses
No (.469)
No (1.000)
No ( .174)

The students were more confident the Annulus sketch did not meet requirements
than they were for the Mini-go-round sketch (Table 4.13). The opposite is true for the
can’t tell and does meet responses in that the students were more confident in their
responses for the Mini-go-round sketch as seen in columns three and four of Table 4.13.
Thus, overall, the students were equally confident in both representations.
Table 4.13 - Confidence of the student responses for the two sketches
Comparison

% “Confidence”
% “Confidence”
Difference of Mini- Difference of Minigo-round and
go-round and
Annulus for Does not
Annulus for
meet (%)*
Can’t Tell (%)**
Design Problem
4.4
14.3
Function
4.6
26.4
Geometric
4.2
-4.6
Manufacturing
4.3
11.1
*Positive values represent more confidence for the Annulus
** Negative values represent more confidence for the Annulus
Shaded cells represent more confidence for Annulus

% “Confidence”
Difference of Minigo-round and
Annulus for
Does meet (%)*
-1.8
-10.6
15.2
-1.3

There is a significant difference in responses but not correct responses. Overall,
the confidence of the students in their responses for the two sketches does not differ.
Thus the assumption that the two sketches were similar is partially supported. The
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external analysis of the results will focus more weight on the results for correct responses
since there is no difference between those for the sketches. The complete analysis of the
two sketches is presented in Appendix D.
4.5.2

Drawing Packages

The drawing packages were assumed to be similar and were created using the
same computer software. The relative percentage of student responses for the Annulus
and Mini-go-round are shown in Figure 4.7. There is just barely a significant difference
between these responses as seen in Table 4.14 with the Annulus drawing package
containing more information. The students extracted more perceived information for the
manufacturing requirements from the Annulus drawing package, which could be due to
the additional material coding.
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Figure 4.7 - Relative % of responses for the two drawing packages
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Table 4.14 - Significant difference and perceived amount of information for the two
drawing packages
Comparison

Significant
Difference
(Answer)

Design Problem
Function
Geometric
Manufacturing

Yes (.047)
No (.061)
No (.324)
Yes (<.001)

Perceived amount Perceived amount Sketch with the
of information for of information for greater perceived
Mini-Go-Round Annulus drawing
amount of
drawing package package (%)
information
(%)
67.7
80.3
Annulus
62.5
71.3
Same
76.9
80.6
Same
68.3
90.3
Annulus

There is a significant difference between the correct responses with the students
being more often correct for the Annulus drawing package (Figure 4.8 and Table 4.15).
However, there is not a significant difference between the functional requirement correct
responses. When broken down to the specific does not meet and does meet responses,
there is not a significant difference between the two drawing packages except for
functional does not meet because there were no Mini-go-round responses.
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Figure 4.8 - Correct student responses for the two drawing packages
Table 4.15 - Significant difference values for the correct student responses for the
two drawing packages
Comparison
Correct Answer
Design Problem
Function
Geometric
Manufacturing

Significant Difference Significant Difference Significant Difference
Correct Answer
Does not meet
Does meet
Yes (.002)
No (.600)
No (.510)
No (.836)
No mini ans
No (.510)
Yes (.039)
No (1.000)
No (.653)
Yes (.001)
No (1.000)
No ( .334)

The students were more confident in their responses for the Annulus drawing
package both overall and for each individual response (Table 4.16).
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Table 4.16 - Confidence of the student responses for the two drawing packages
Comparison

% “Confidence”
% “Confidence”
% “Confidence”
Difference of Mini- Difference of Mini-go- Difference of Mini-gogo-round and Annulus round and Annulus for round and Annulus for
for Does not meet
Can’t Tell (%)**
Does meet (%)*
(%)*
Design Problem
3.6
-12.6
15.3
Function
8.8
-8.8
.1
Geometric
.9
-3.6
20.3
Manufacturing
-.5
-22.0
29.3
*Positive values represent more confidence for the Annulus
** Negative values represent more confidence for the Annulus
Shaded cells represent more confidence for Annulus
The assumption that the drawing packages were similar is partially supported.
There is a significant difference between the answers and the correct answers. However,
the individual Does not meet and Does meet responses are not significantly different, so
the external analysis of the results will put a heavier weight on these results. It is
interesting that the students extracted more information and were more confident in their
responses for the Annulus drawing package. This could be due to the material coding and
is an area of research. Appendix D contains the complete results for the two drawing
packages.
4.5.3 Low Fidelity Prototypes
The relative percentage of responses for the two low fidelity prototypes is shown
in Figure 4.9. There is about 25% more can’t tell responses for the Annulus than the
Mini-go-round. The results from the Mann-Whitney test conclude there is a significant
difference between the responses both overall and for the functional requirements (Table
4.17).

However there is not a significant difference between the responses for the
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geometric and manufacturing requirements. Overall, the students perceived the Mini-goround low fidelity prototype contained more information.
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Figure 4.9 - Relative % of responses for the two low fidelity prototypes
Table 4.17 - Significant difference and perceived amount of information for the two
low fidelity prototypes
Comparison

Significant
Difference
(Answer)

Design Problem
Function
Geometric
Manufacturing

Yes (<.001)
Yes (<.001)
No (.322)
No (.817)

Perceived
Perceived
Low fidelity
amount of
amount of
prototype with
information for information for
the greater
Mini-Go-Round Annulus low
perceived
low fidelity fidelity prototype
amount of
prototype (%)
(%)
information
80.4
58.2
Mini-go-round
77.3
59.5
Mini-go-round
79.5
58.9
Same
83.9
56.3
Same

There is not a significant difference between the correct responses for all but the
functional requirements (Table 4.18). At closer inspection of the functional requirement
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responses, there is not a significant difference for either the does not meet and the does
meet responses.
Table 4.18 - Significant difference values for the correct responses for the two low
fidelity prototypes
Comparison
Correct Answer
Design Problem
Function
Geometric
Manufacturing

Significant
Difference
Correct Answer
No (.233)
Yes (<.001)
No (.162)
No (.188)

Significant
Significant
Difference Does not Difference Does meet
meet
No (.582)
No (.123)
No (.394)
No (.403)
No (1.000)
No (.099)
No (.711)
No ( .599)

The students were more confident in their responses for the Annulus low fidelity
prototype in answering that a design does not meet a requirement but more confident for
the Mini-go-round low fidelity prototype because of the lower percent of can’t tell
responses (Table 4.19). Overall, the students were not more confident in their responses
for either prototype.
Table 4.19 - Confidence of the student responses for the two low fidelity prototypes
Comparison

% “Confidence”
% “Confidence”
Difference of Mini- Difference of Minigo-round and
go-round and
Annulus for Does
Annulus for
not meet (%)*
Can’t Tell (%)**
Design Problem
10.2
22.2
Function
16.8
17.7
Geometric
6.2
20.6
Manufacturing
4.8
27.7
*Positive values represent more confidence for the Annulus
** Negative values represent more confidence for the Annulus
Shaded cells represent more confidence for Annulus
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% “Confidence”
Difference of Mini-goround and Annulus for
Does meet (%)*
-13.6
-39.9
1.6
7.0

There was a significant difference between the responses for the two low fidelity
prototypes where the students perceived they extracted more information from the Minigo-round representation. There was not a significant difference between the correct
responses and thus the external analysis will focus more heavily on these results. There
was also not a difference in the confidence of the responses for these two prototypes.
This is interesting because if you remember the complexities of these representations in
Chapter 3, the Mini-go-round was much more complex than the Annulus low fidelity
prototype. The complete results are located in Appendix D.
4.5.4

High Fidelity Prototypes

The high fidelity prototypes were assumed to be similar. This appears to be
correct from the plot of the relative percentage of student responses shown in Figure 4.10.
There is no significant difference in the responses from the Mann-Whitney test (Table
4.20). At closer inspection, the Mini-go-round high fidelity prototypes contained more
perceived functional and manufacturing information.
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Figure 4.10 - Relative % of responses for the two high fidelity prototypes
Table 4.20 - Significant difference and perceived amount of information for the two
high fidelity prototypes
Comparison

Significant
Difference
(Answer)

Design Problem
Function
Geometric
Manufacturing

No (.557)
Yes (.002)
No (.064)
Yes (.003)

Perceived amount Perceived amount Low fidelity
of information for of information for prototype with
Mini-Go-Round
Annulus low
the greater
low fidelity fidelity prototype
perceived
prototype (%)
(%)
amount of
information
89.4
80.5
Same
92.6
75.0
Mini-go-round
93.0
91.8
Same
84.5
81.4
Mini-go-round

Overall there is no significant difference between the correct responses for the
two high fidelity prototypes (Table 4.21). Only the functional requirement responses
displayed a significant difference in the responses with more correct responses for the
Mini-go-round prototype. There were no does not meet responses for the Annulus high
fidelity prototype.
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Table 4.21 - Significant difference values for the correct student responses for the
two high fidelity prototypes
Comparison
Correct Answer
Design Problem
Function
Geometric
Manufacturing

Significant
Difference
Correct Answer
No (.951)
Yes (.002)
No (.053)
No (.064)

Significant Difference Significant Difference
Does not meet
Does meet
No (.625)
No (.667)
No Annulus responses
No Annulus responses

No (.085)
No (.683)
No (.071)
Yes (.044)

Overall, the students were more confident in their responses for the Mini-goround high fidelity prototype (Table 4.22).
Table 4.22 - Confidence of the student responses for the two high fidelity prototypes
Comparison

% “Confidence”
% “Confidence”
% “Confidence”
Difference of Mini- Difference of Mini- Difference of Minigo-round and
go-round and Annulus go-round and Annulus
Annulus for Does not
for
for
meet (%)*
Can’t Tell (%)**
Does meet (%)*
Design Problem
-6.8
8.9
-0.5
Function
-1.6
17.6
-22.4
Geometric
-18.6
1.2
15.6
Manufacturing
-6.0
3.2
14.8
*Positive values represent more confidence for the Annulus
** Negative values represent more confidence for the Annulus
Shaded cells represent more confidence for Annulus
The assumption that the two high fidelity prototypes are similar is correct. There
is no significant difference between the responses and the correct responses.

The

students did indicate more confidence in their responses for the Mini-go-round, which is
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the only time they have not indicated more for the Annulus. The complete results for
these two high fidelity prototypes can be found in Appendix 0.

4.6

Summary of Internal Validation

Table 4.23 summarizes the results of the experiment hypotheses. There is a
noticeable trend in that there is a difference between the student responses but not the
correct responses.
Table 4.23 - Summary of the experiment hypotheses results
Assumption

Similar
responses?

Similar correct
responses?

There is no difference between the
two classes
The order in which the representations
were examined does not make a
difference
The Annulus and Mini-go-round
problems are similar
The two sketches are similar

No
(Table 4.2)
Yes
(Table 4.5)

Yes
(Table 4.3)
Yes
(Table 4.6)

No
(Table 4.8)
No
(Table 4.11)
No
(Table 4.14)
No
(Table 4.17)
Yes
(Table 4.20)

Yes
(Table 4.9)
Yes
(Table 4.12)
Yes
(Table 4.15)
Yes
(Table 4.18)
Yes
(Table 4.21)

The two drawing packages are similar
The two low fidelity prototypes are
similar
The two high fidelity prototypes are
similar

Overall is the
assumption
supported?
Partially
Yes
Partially
Partially
Partially
Partially
Yes

The assumption that the order the representations are examined would not make a
difference is correct, as is the assumption that the two high fidelity prototypes are similar.
The remaining assumptions are only partially supported.

The implications of these

results are that more emphasis will be placed on the external results derived from the
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correct responses. Although many of the assumptions are only partially supported, this
does not mean the external analysis should not be conducted. These representations were
derived from real world problems and were not constructed for this experiment to convey
similar information.
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CHAPTER 5
EXPERIMENT RESULTS: MEASURING RESPONSES BASED ON
REPRESENTATION FIDELITY
The external analysis of the different levels of fidelity will give fundamental
information relating different representations. The sketches and low level of fidelity
prototypes for both the Annulus and Mini-go-round were grouped into a low level of
fidelity group while the solid models and high level of fidelity prototypes for the two
designs were grouped in a high level of fidelity group. The relative percentage of student
responses for each group is displayed in Figure 5.1. From this figure, it is apparent that
more information can be extracted from higher fidelity representation due to the lower
percent of can’t tell responses.

Table 5.1 summarizes the amount of information

extracted from these representations. The last column in Table 5.1 displays the trend that
more information can be obtained for higher fidelity representations, both overall and for
each requirement type.
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Figure 5.1 - Relative % of responses for the high and low level of fidelity
representations
Table 5.1 – Significant difference and perceived amount of information extracted
from the different level of fidelity representations
Comparison

Significant
Difference
(Answer)

Fidelity
Function
Geometric
Manufacturing

Yes (<.001)
Yes (<.001)
Yes (<.001)
Yes (<.001)

Amount of
information for
low fidelity
representations
(%)
63.5
64.0.
67.2
61.0

Amount of
Level of fidelity
information for with the greater
high fidelity
amount of
representations
information
(%)
78.9
High
74.5
High
85.6
High
80.1
High

Correct responses are the student responses corresponding to the answers
indicated on the requirements list in Table 4.1. Ideally Figure 5.1 would have 100%
correct responses composing of 26% does not meet and 74% does meet responses for
both the low and high fidelity representations. However, the percent of correct responses
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for the low fidelity group is only 16.2% and 25.1% for the high fidelity group (Figure
5.2). Although the percent of correct responses is low, the results from the pilot study
using graduate students also resulted in low percentages of correct responses. The results
from the Mann-Whitney test conclude that there is a significant difference between the
two groups (Table 5.2). The cause of this difference is analyzed further in Table 5.2. It
is evident that high fidelity representations yield correct responses more often than low
fidelity representations except when examining functional requirements.
(%
#'
H/=!I8@0+825

:%;<"=>%'?

#%

J8F?!I8@0+825
"'
"%
'
%

Figure 5.2 - Relative % of correct responses for different levels of fidelity
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Table 5.2 – Difference between correct student responses for level of fidelity
representations
Comparison

Level of Fidelity
Function
Geometric
Manufacturing

Significant
Significant difference Significant difference
Difference (Correct
for Does not meet
for Does meet
answer)
responses
responses
Yes (<.001)
No (.083)
No (.669)
No (.154)
No (.837)
No (.531)
Yes (<.001)
No (1.000)
No (.579)
Yes (<.001)
Yes (.001)
No (.362)

From looking at Figure 5.3, the majority of correct responses came from correct
does meet responses.

This demonstrates that designers should focus more on their

conclusions for what requirements the design is capable of meeting rather than the
requirements it is incapable of meeting. Recall from Figure 5.1 the students responded
more often that the design does not meet a requirement for the low fidelity
representations than the high fidelity representations. However, from Figure 5.3 it is
apparent this did not increase the correctness in their responses, as the high fidelity
representations have more correct does not meet responses. Thus, if a designer desires to
determine if a representation is incapable of meeting a requirement, they have a higher
chance of correctly identifying this using a high fidelity representation. Table 5.3 shows
that the majority of correct responses for low fidelity representations stemmed from the
functional requirements while the correct responses for the high fidelity group were
spread almost evenly across the different requirement types. This suggests low fidelity
representations should be used to answer questions concerning functional requirements
over manufacturing and geometric requirements. There were no correct does not meet
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geometric responses for both the high and low fidelity representations. Thus designers
should focus more on what geometric requirements the design is capable of meeting.
Figures corresponding to Table 5.3 are located in Appendix E, which may help visualize
the results more easily.
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Figure 5.3 - Relative % of correct Does not meet and Does meet responses for
different levels of fidelity
Table 5.3 – Influence of requirement type and Does not meet and Does meet
responses on correct student responses for level of fidelity representations

Low Fidelity
Function
Geometric
Manufacturing
High Fidelity
Function
Geometric
Manufacturing

% Correct

% Correct for
Does not meet

% Correct for
Does meet

16.2
16.8
20.9
13.3
25.1
20.7
37.8
23.5

24.6
36.4
0.0
16.7
42.9
40.0
0.0
100.0

79.6
76.9
87.5
76.9
81.2
72.8
90.7
82.8
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As mentioned previously, one of most obvious observations from Figure 5.1 is the
decrease in the can’t tell answers from low to high level of fidelity. This along with the
increase in does meet answers indicates a higher level of confidence that designs are
capable of meeting design requirements when looking at higher level of fidelity
representations. An unexpected phenomenon occurred in that the percent of does not
meet responses decreased from the low to high group. This indicates that students were
generally less confident that the designs did not meet the design requirements as fidelity
increased. However, Figure 5.4 shows a slight increase in does not meet responses for
geometric requirements going from low to high fidelity groups meaning students were
more confident when examining higher fidelity representations for meeting or not
meeting geometric requirements. This makes intuitive sense because as the fidelity of the
representation increases, the geometric attributes of the design become more defined.
Figure 5.4 is also the only figure in which the can’t tell responses set is not the largest
response category for the low fidelity representations. Thus, even quick sketches or
prototypes can be helpful in determining whether a design meets or has the possibility to
meet geometric design requirements.
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Figure 5.4 - Relative % of responses for geometric requirements for different levels
of fidelity
The confidence values are summarized in Table 5.4 for the high and low fidelity
representations.

The shaded cells represent more confidence for high fidelity

representations.

Overall, there is an increase in confidence when examining higher

fidelity representations even though column two displays a decrease in confidence. This
decrease in confidence is relatively small in magnitude compared to the increase in
confidence for the can’t tell and does meet responses.
Table 5.4 - Student's confidence in their responses for the different level of fidelity
representations
Comparison

Level of Fidelity
Function
Geometric
Manufacturing

“Confidence”
% “Confidence”
% “Confidence”
Difference from low Difference from low Difference from low
to high for Does not
to high for
to high for
meet (%)*
Can’t Tell (%)**
Does meet (%)*
-2.9
-15.4
10.8
-5.1
-10.5
8.8
0.6
-18.4
17.8
-2.3
-19.1
9.4
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*Positive values represent more confidence for the High fidelity representations
** Negative values represent more confidence for the High fidelity representations
Shaded cells represent more confidence for High fidelity representations
To summarize, the high fidelity representations contain more information than
low fidelity representations and students are more confident and generally more correct
when examining high fidelity representations. This is interesting because even though
the amount of information and confidence in responses is slightly higher for high fidelity
representations when in examining functional requirements, the correctness of the
responses does not significantly rise.

This means designers can use low fidelity

representations to evaluate functional requirements with good confidence in their results.
There is no significant difference between the does meet responses and the students were
more often correct in responding does meet over does not meet. This means for both the
low and high fidelity representations, a designer should trust their own conclusions more
when looking at what a design is capable of meeting rather than what it is incapable of
meeting.
The basic conclusions are enumerated here:
!

Overall, the high fidelity representations contained more information, more
correct information, and higher confidence of the designers in the information
they extracted.

!

Designers should focus more on what requirements a design is capable of meeting
rather than what it is incapable of meeting.
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!

Designers are more inclined to say a design does not meet a requirement when
examining low fidelity representations but are less often correct in doing this.

!

Look at high fidelity representations to determine which requirements a design is
incapable

of

meeting

because

the

information

extracted

from

those

representations is more often correct.
!

The low fidelity representations are useful for determining if a design does or
does not meet functional requirements.

!

Neither representation type is useful for determining which geometric
requirements the design is incapable of meeting.

!

There is significantly more correct information extracted from the high fidelity
representations for the geometric requirements, which is due to a higher percent
of correct does meet responses. Thus use the high fidelity representations to
determine what geometric requirement the design is capable of meeting.

!

The high fidelity representations are useful for determining which manufacturing
requirements the design is incapable of meeting while both representation types
are useful for determining which manufacturing requirements the design is
capable of meeting
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CHAPTER 6
EXPERIMENT RESULTS: MEASURING RESPONSES BASED ON MODE OF
REPRESENTATION
The student responses were then analyzed based on the mode of the
representation.

They are first compared between two-dimensional and physical

representations and then across each type. The analysis of the mode of representations
will yield insights into the advantages and disadvantages of each representation.

6.1

Two-dimensional vs. Physical

The sketches and drawing package representation responses are grouped into a
two-dimensional group and the low and high fidelity physical prototype responses are
grouped into a physical group. The relative percent of responses for each group is shown
in Figure 6.1. The percent of possibly meet responses is larger than all other responses
for both the two-dimensional and physical group.

Additionally, the physical group

contains less can’t tell and more does meet and does not meet responses than the twodimensional group. Thus the students would like to say a design meets a requirement
when looking at a two-dimensional representation but are more likely to give a definite
answer when looking at the physical representations. This fits with what is presented in
Table 6.1 in that the students perceived significantly more information from the physical
representations.
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Figure 6.1 - Relative % of responses for the different mode of representation
Table 6.1 – Significant difference and perceived amount of information extracted
from the different modes of representation
Comparison

Significant
Difference
(Answer)

Mode
Function
Geometric
Manufacturing

Yes (<.001)
No (.152)
No (.091)
Yes (<.001)

Amount of
information for
2D
representations
(%)
65.5
63.6
72.0
64.7

Amount of
information for
physical
representations
(%)
75.8
74.3
79.6
75.3

Mode with the
greater amount
of information

Physical
Same
Same
Physical

The chart of the functional responses looks similar to Figure 6.1, but there is not a
significant difference between the responses for each group. However the geometric and
manufacturing responses differed (Figure 6.2 and Figure 6.3). The students were most
likely to say a physical representation does meet a geometric or manufacturing
requirement.

The percentage of does not meet responses is larger for the physical
81

representations than the two-dimensional representations. This again shows students
were more likely to commit that a design does or does not meet that requirement from
looking at the physical representations.

The students perceived significantly more

information for the physical representations for meeting manufacturing requirements but
not for the geometric requirements.
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Figure 6.2 - Relative % of geometric responses for different mode of representation
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Figure 6.3 - Relative % of manufacturing responses for different mode of
representations
The students were correct more often when looking at the physical representations
(Figure 6.4 and Table 6.2). However, when looking at the specific does not meet and
does meet responses, there is no significant difference (Table 6.2 and Figure 6.5). A
similar pattern exists for each of the requirement types (Table 6.2). The students were
more often correct when determining if a design does meet a requirement over whether if
it does not meet a requirement. There is 0% correct geometric does not meet responses
for both the two-dimensional and physical groups as seen in Figure 6.6. It is not clear
why this occurred, as the geometric requirements given to the students are
straightforward.
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Figure 6.4 - Relative % of correct responses for different mode of representation
Table 6.2 – Difference between correct student responses for the different mode of
representations
Comparison

Mode
Function
Geometric
Manufacturing

Significant
Significant difference Significant difference
Difference (Correct
for Does not meet
for Does meet
answer)
responses
responses
Yes (<.001)
No (.696)
No (.579)
Yes (.003)
No (.889)
No (.782)
Yes (<.001)
No (1.000)
No (.411)
Yes (<.001)
No (.281)
No (.554)
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Figure 6.5 - Relative % of correct Does not meet and Does meet responses for
different mode of representation
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Figure 6.6 - Relative % of correct Does not meet and Does meet geometric responses
for different mode of representation
Even though there is not a significant difference between the correct does not
meet responses for the manufacturing requirement (Table 6.2) the student responses have
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a higher percentage of correct responses when examining the physical representations
(Figure 6.7).

Table 6.3 summarizes the percent of correct responses for the two

representations. It is clear that the students were more correct in their responses when
looking at physical representations and when answering if a design does meet a
requirement.
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Figure 6.7 - Relative % of correct Does not meet and Does meet manufacturing
responses for different mode of representation
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Table 6.3 – Influence of requirement type and Does not meet and Does meet
responses on correct student responses for different mode of representation

2D
Function
Geometric
Manufacturing
Physical
Function
Geometric
Manufacturing

% Correct

% Correct for
Does not meet

% Correct for
Does meet

14.6
14.6
20.1
11.9
26.1
22.6
37.5
24.2

27.6
35.7
0.0
27.3
31.7
37.9
0.0
53.3

79.3
75.7
86.4
77.8
81.3
73.9
91.1
81.7

Table 6.4 displays the confidence values for the two groups. The shaded cells
represent more confidence when examining the physical representations. Thus, not only
were the students overall more correct in their responses when examining the physical
representations, they were also more confident.
Table 6.4 - Student's confidence in their responses for the different mode of
representations
Comparison

“Confidence”
% “Confidence”
% “Confidence”
Difference of 2D and Difference of 2D and Difference of 2D and
Physical for Does not
Physical for
Physical for
meet (%)*
Can’t Tell (%)**
Does meet (%)*
Level of Fidelity
3.1
-10.0
12.4
Function
3.6
-10.6
9.4
Geometric
6.2
-7.7
17.8
Manufacturing
1.0
-10.6
12.7
*Positive values represent more confidence for the Physical representations
** Negative values represent more confidence for the Physical representations
Shaded cells represent more confidence for Physical representation
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The students perceived more information from the physical representations. They
were also more correct and confident in their responses from examining these
representations. Further analysis of the individual representation types will clarify the
specific advantages of each representation.

6.2
6.2.1

Across Types

Sketches and Drawing Packages

The relative percent of responses for the sketches and drawing packages is shown
in Figure 6.8. The sketches contain the largest percent of can’t tell responses compared
to all the other responses for both the sketches and drawing packages while the percent of
possibly meets responses is the largest group for the drawing packages. Additionally, the
percent of does not meet responses is about the same for both representation types but the
percent of does meet responses is doubled for the drawing packages. These facts indicate
that the students were more inclined to say a representation does meet a requirement
when looking at a drawing package over a sketch. There is a significant difference
between the representations with the drawing packages containing more perceived
information than the sketches (Table 6.5).
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Figure 6.8 - Relative % of responses for the sketches and drawing packages
Table 6.5 – Significant difference and perceived amount of information extracted
from the sketches and drawing packages
Comparison

Significant
Difference
(Answer)

Amount of
information for
sketches (%)

Amount of
information for
drawing
packages (%)
73.0

Mode

Yes (<.001)

59.3

Function
Geometric

No (.399)
Yes (.007)

61.2
66.3

66.3
78.4

Manufacturing

Yes (.003)

53.7

77.3

Mode with the
greater amount
of information
Drawing
package
Same
Drawing
package
Drawing
package

There is significant difference between the functional responses for the two
representations which means the students perceived they obtained the same amount of
functional information from both representations (Table 6.5).

However there is a

significant difference between the geometric and manufacturing responses with the
students perceiving more information from the drawing packages for both requirement
89

types. This is evident from Figure 6.9 and Figure 6.10 in that the students had a higher
percentage of does meet responses and a lower percentage of can’t tell responses. There
is a smaller percentage of does not meet manufacturing responses for the drawing
packages than the sketches (Figure 6.10). Thus as the fidelity of the two-dimensional
representations increased, the students were less likely to say a design does not meet a
manufacturing requirement. This finding is addressed further in the analysis of the
correct manufacturing responses.
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Figure 6.9 - Relative % of geometric responses for the sketches and drawing
packages
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Figure 6.10 - Relative % of manufacturing responses for the sketches and drawing
packages
Overall, the students were more often correct in their responses when looking at
the drawing packages (Figure 6.11 and Table 6.6).

However, when looking at the

specific does not meet and does meet responses, there is significant difference in correct
answers. There is also significant difference between the correct responses for functional
requirements both overall and for the individual answers. This is interesting because the
students perceived the same amount of functional information from the two
representations and were also equally correct in the information they did perceive. This
means that a time consuming solid model does not necessarily help more in figuring out
if a design meets functional requirements than a sketch would. However, one factor that
is not taken into account here is that once the solid model is constructed, many computer
programs will allow a designer to apply loads in order to test stresses which would help
in determining if a design meets functional requirements. But, the fact remains that just
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by looking at a two-dimensional representation, a sketch and solid model yield
approximately the same amount of functional information.
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Figure 6.11 - Relative % of correct responses for sketches and drawing packages
Table 6.6 – Difference between correct student responses for the sketches and
drawing packages
Comparison

Mode
Function
Geometric
Manufacturing

Significant
Difference (Correct
answer)
Yes (<.001)
No (.234)
Yes (.003)
Yes (<.001)

Significant difference Significant difference
for Does not meet
for Does meet
responses
responses
No (.088)
No (.843)
No (.710)
No (.394)
No (1.000)
No (.462)
Yes (.012)
No (.083)

Overall, there is a significant difference between the correct responses for meeting
geometric requirements (Table 6.6). Conversely, there is not a significant difference
between the individual does not meet and does meet responses. From looking at Figure
6.12, there is 0% correct geometric does not meet responses. The 27 students that looked
at either the sketch or drawing package of the Mini-go-round were not able to tell if a
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design did not meet a geometric requirement, which is interesting because even though
the sketches did not contain numerical information, the drawing packages did. Of the
eight total geometric requirements given for both the Annulus and Mini-go-round design
problems only one from the Mini-go-round was not met in the final design. The 13
students that looked at the drawing package of the Mini-go-round were not able to tell
that the design was not capable of allowing a suspension travel of at least 10cm even
though major dimensions and units were given.

Thus, both drawing packages and

sketches are not useful for determining if a design does not meet a geometric
requirement.
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Figure 6.12 - Relative % of correct Does not meet and Does meet geometric
responses for sketches and drawing packages
As mentioned previously, as the fidelity of the two-dimensional representations
increased, the students were less likely to say a design does not meet a manufacturing
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requirement. They were correct in saying this from looking at Figure 6.13 because there
is 0% correct does not meet manufacturing responses when looking at the sketches and
100% correct responses from looking at the drawing packages. Thus as the fidelity of the
two-dimensional representation increases, the manufacturing requirements not met by the
design become clearer. A summary of the percentage of correct responses is presented in
Table 6.7.

Again the students were overall more correct in determining if a

representation does meet a requirement.
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Figure 6.13 - Relative % of correct Does not meet and Does meet manufacturing
responses for sketches and drawing packages
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Table 6.7 – Influence of requirement type and Does not meet and Does meet
responses on correct student responses for the sketches and drawing packages
% Correct for
Does not meet

% Correct
Sketches
Function
Geometric
Manufacturing
Drawing Packages
Function
Geometric
Manufacturing

9.5
12.6
11.9
5.0
20.5
16.8
29.5
19.9

% Correct for
Does meet

11.8
28.6
0.0
0.0
50.0
42.9
0.0
100.0

78.3
80.6
92.3
62.5
79.6
71.8
83.9
84.2

Overall the students were more confident in their responses when looking at the
drawing packages (Table 6.8). They also perceived more information from the drawing
packages and are overall more correct in those responses. However, when looking at the
individual correct responses, there is not a significant difference between the two
representations except for the manufacturing requirements. Thus, when examining a
design for functional requirements, either representation is suitable to use because the
percent of correct responses is not significantly different. When examining a design for
geometric requirements, look at what the design is capable of meeting instead of what it
is incapable of meeting using either the sketch or drawing package.

And when

examining a design for manufacturing requirements, a drawing package will yield more
correct information than a sketch.
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Table 6.8 - Student's confidence in their responses for the sketches and drawing
packages
Comparison

“Confidence”
% “Confidence”
% “Confidence”
Difference of
Difference of
Difference of
Sketches and
Sketches and Drawing Sketches and Drawing
Drawing packages
packages for
packages for
for Does not meet
Can’t Tell (%)**
Does meet (%)*
(%)*
Mode
-0.6
-13.7
12.5
Function
0.5
-5.1
6.7
Geometric
0.3
-12.1
22.3
Manufacturing
-2.3
-23.6
13.6
*Positive values represent more confidence for the Drawing package representations
** Negative values represent more confidence for the Drawing package representations
Shaded cells represent more confidence for Drawing package representation
6.2.2

Sketches and Low Fidelity Prototypes

The relative percent of student responses is shown in Figure 6.14. A similar trend
is found to what was found between the sketches and drawing packages in that the
students were more likely to give a definite answer when looking at a low fidelity
prototype over a sketch. This is evident by less can’t tell responses and more does not
meet and does meet responses for the prototypes. However the results from the MannWhitney test confirm there is not a significant difference between the responses for these
two representations (Table 6.9). Furthermore there is no significant difference between
the responses for functional and geometric requirements. There is only a difference
between the responses for the manufacturing requirements where the students perceived
more manufacturing information from the low fidelity prototypes. The correctness of this
perceived information is discussed next.
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Figure 6.14 - Relative % of responses for the sketches and low fidelity prototypes
Table 6.9 – Significant difference and perceived amount of information extracted
from the sketches and low fidelity prototypes
Comparison

Significant
Difference
(Answer)

Amount of
information for
sketches (%)

Mode
Function
Geometric
Manufacturing

No (.319)
No (.235)
No (.468)
Yes (.013)

59.3
61.2
66.3
53.7

Amount of
information for
low fidelity
prototypes (%)
67.6
68.8
68.0
68.3

Mode with the
greater amount
of information
Same
Same
Same
Low fidelity
prototypes

The students were overall more correct in their responses for the low fidelity
prototypes (Figure 6.15 and Table 6.10). Yet at closer examination of the individual does
not meet and does meet responses, there is not a significant difference between the two
representations. The sketches and low fidelity prototypes again contained 0% correct
geometric does not meet responses (Table 6.11). This means neither representation is
useful for determining if a design does not meet a geometric response. Recall there is a
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significant difference between the manufacturing responses (Table 6.9) as well as overall
for the correct manufacturing responses (Table 6.10). There is however not a significant
difference between the individual does not meet and does meet manufacturing responses.
The sketches comprised 0% correct manufacturing does not meet responses while the low
fidelity prototypes comprised 30% correct manufacturing does not meet responses (Table
6.11).

Thus, neither the sketches nor the low fidelity prototypes are useful for

determining if a design does not meet a manufacturing response. But if a designer needed
to determine if a manufacturing requirement was not met, there is a better chance of
making a correct judgment from looking at a low fidelity physical prototype over a
sketch.
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Figure 6.15 - Relative % of correct responses for the sketches and low fidelity
prototypes
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Table 6.10 – Difference between correct student responses for the sketches and low
fidelity prototypes
Comparison

Mode
Function
Geometric
Manufacturing

Significant
Significant difference Significant difference
Difference (Correct
for Does not meet
for Does meet
answer)
responses
responses
Yes (<.001)
No (.152)
No (.773)
Yes (.020)
No (.714)
No (.529)
Yes (.002)
No (1.000)
No (.544)
Yes (<.001)
No (.315)
No (.118)

Table 6.11 – Influence of requirement type and Does not meet and Does meet
responses on correct student responses for the sketches and low fidelity prototypes

Sketches
Function
Geometric
Manufacturing
Low fidelity prototypes
Function
Geometric
Manufacturing

% Correct

% Correct for
Does not meet

% Correct for
Does meet

9.5
12.6
11.9
5.0
23.0
21.0
30.0
21.6

11.8
28.6
0.0
0.0
29.5
38.5
0.0
30.0

78.3
80.6
92.3
62.5
80.2
74.5
85.7
81.6

The students were more confident in their responses for the low fidelity
prototypes as seen in Table 6.12. Many of the recommendations are the same as they are
for the sketches and drawing packages even though there is not a significant difference
between the responses or the correct responses. Again, either representation is suitable
for examining functional requirements. When determining if a design meets geometric
requirements, look at what it is capable of meeting rather than what it is incapable of
meeting when looking at a sketch or low fidelity prototype.

Finally, although the

students perceived more information from the low fidelity prototypes and were more
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confident in their responses, there is not a significant difference between the correct
responses. Thus it is recommend to use a low fidelity prototype over a sketch for
determining if a design meets manufacturing requirements.
Table 6.12 - Student's confidence in their responses for the sketches and low fidelity
prototypes
Comparison

Mode

“Confidence”
% “Confidence”
% “Confidence”
Difference of
Difference of
Difference of
sketches and low
sketches and low
sketches and low
fidelity prototypes fidelity prototypes for fidelity prototypes for
for Does not meet
Can’t Tell (%)**
Does meet (%)*
(%)*
5.3
-8.3
13.9

Function
8.8
-5.6
7.5
Geometric
6.0
-1.7
22.1
Manufacturing
1.0
-14.6
16.6
*Positive values represent more confidence for the low fidelity prototypes
** Negative values represent more confidence for the low fidelity prototypes
Shaded cells represent more confidence for low fidelity prototypes
6.2.3

Sketches and High Fidelity Prototypes

The students perceived a significant amount of more information both overall and
for each requirement type from the high fidelity prototypes over the sketches (Figure 6.16
and Table 6.13). From looking at Figure 6.16, this difference is mostly due to less can’t
tell responses and more does meet. Similar to how the percent of does not meet responses
decreased from looking at the sketch to the drawing packages for manufacturing
requirements, the same phenomenon occurs from looking at the sketch to the high fidelity
prototypes for the functional and manufacturing requirements (Figure 6.17 and Figure
100

6.19). This is addressed in the analysis of the correct responses to see if this was a wise
move. The percent of does not meet and does meet responses increased going from the
sketches to the high fidelity prototypes meaning the students are more willing to give a
definite geometric answers when looking at the high fidelity prototype over the sketch
(Figure 6.18).
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Figure 6.16 - Relative % of responses for the sketches and high fidelity prototypes
Table 6.13 – Significant difference and perceived amount of information extracted
from the sketches and high fidelity prototypes
Comparison

Significant
Difference
(Answer)

Amount of
information for
sketches (%)

Mode

Yes (<.001)

59.3

Amount of
information for
high fidelity
prototypes (%)
84.4

Function

Yes (<.001)

61.2

82.2

Geometric

Yes (<.001)

66.3

92.4

Manufacturing

Yes (<.001)

53.7

82.8
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Mode with the
greater amount
of information
High fidelity
prototypes
High fidelity
prototypes
High fidelity
prototypes
High fidelity
prototypes
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Figure 6.17 - Relative % of functional responses for the sketches and high fidelity
prototypes
E%
'%

:%;<"=>%'?

)%

./0-!1/2!3002
4,5!1/2!3002

(%

*,162!20++
#%

7/--89+5!3002./0-!3002

"%
%
NO02;?

J8F?!I8@0+825!7:/2/25G0

Figure 6.18 - Relative % of geometric responses for the sketches and high fidelity
prototypes
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Figure 6.19 - Relative % of manufacturing responses for the sketches and high
fidelity prototypes
There is a significant difference overall for the correct responses and for the
manufacturing does not meet responses as seen in Table 6.14 where the students were
more often correct when looking at the high fidelity prototypes (Figure 6.20). Yet again,
there is 0% correct geometric does not meet responses for both representations (Figure
6.21). The students should have been able to tell that the Mini-go-round high fidelity
prototype was not capable of allowing suspension travel of 10cm if they had some type of
measuring tool. However, they were not given this but were allowed to play around with
the prototypes if they choose to which allowed them to make an educated guess. This
lack of a measuring tool may be the cause for not correctly identifying this geometric
requirement. There is also 0% correct manufacturing does not meet responses for the
sketches and 100% correct for the high fidelity prototypes (Figure 6.22). Thus, when
determining if a design does or does not meet a requirement, the high fidelity prototype
will yield more correct results over the sketch. Recall that the percent of student does not
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meet responses decreased when going from the sketches to the high fidelity prototypes
for both the functional and manufacturing requirements. This did not affect the percent
of correct responses for the functional requirement because there is no significant
difference between the two representation responses. This did however affect the percent
of manufacturing responses because they went from 0% correct does not meet responses
for the sketches to 100% correct do not meet responses for the high fidelity prototype.
Thus if analyzing manufacturing requirements in the beginning of a design project using
a sketch, it would be wise to reevaluate those requirements once the high fidelity
prototype is constructed. The percent of correct responses for the sketches and high
fidelity prototypes is summarized in Table 6.15. The students were more often correct in
identifying that a design does meet a requirement over whether it does not meet a
requirement.
Table 6.14 – Difference between correct student responses for the sketches and high
fidelity prototypes
Comparison

Mode
Function
Geometric
Manufacturing

Significant
Significant difference Significant difference
Difference (Correct
for Does not meet
for Does meet
answer)
responses
responses
Yes (<.001)
No (.150)
No (.513)
Yes (.002)
No (.886)
No (.444)
Yes (<.001)
No (1.000)
No (.658)
Yes (<.001)
Yes (.002)
No (.106)
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Figure 6.20 - Relative % of correct responses for the sketches and high fidelity
prototypes
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Figure 6.21 - Relative % of correct Does not meet and Does meet geometric
responses for the sketches and high fidelity prototypes
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Figure 6.22 - Relative % of correct Does not meet and Does meet manufacturing
responses for the sketches and high fidelity prototypes
Table 6.15 – Influence of requirement type and Does not meet and Does meet
responses on correct student responses for the sketches and high fidelity prototypes

Sketches
Function
Geometric
Manufacturing
High fidelity prototypes
Function
Geometric
Manufacturing

% Correct

% Correct for
Does not meet

% Correct for
Does meet

9.5
12.6
11.9
5.0
29.5
24.4
45.7
26.9

11.8
28.6
0.0
0.0
37.5
33.3
0.0
100.0

78.3
80.6
92.3
62.5
82.2
73.4
95.5
81.8

The shaded cells in Table 6.16 represent more confidence of the students in their
responses for the high fidelity prototypes. From this table, it is evident the students were
more confident when looking at the high fidelity prototypes. The recommendations for
these two representations are to use either representation to analyze functional
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requirements, look at what the design is capable of meeting instead of what it is incapable
of meeting when analyzing geometric requirements, and finally use the high fidelity
prototype to determine if a design does or does not meet manufacturing requirements.
Table 6.16 - Student's confidence in their responses for the sketches and high
fidelity prototypes
Comparison

“Confidence”
% “Confidence”
% “Confidence”
Difference of
Difference of
Difference of
sketches and high
sketches and high
sketches and high
fidelity prototypes fidelity prototypes for fidelity prototypes for
for Does not meet
Can’t Tell (%)**
Does meet (%)*
(%)*
Mode
0.1
-25.1
22.7
Function
-1.8
-22.1
18.0
Geometric
6.7
-26.1
34.9
Manufacturing
-1.3
-29.1
21.6
*Positive values represent more confidence for the high fidelity prototypes
** Negative values represent more confidence for the high fidelity prototypes
Shaded cells represent more confidence for high fidelity prototypes
6.2.4

Drawing Packages and Low Fidelity Prototypes

The student responses for the drawing packages and low fidelity prototypes are
presented in Figure 6.23. The low fidelity prototype responses have more than twice the
percent of does not meet responses than the drawing package but almost equal does meet
responses, both overall and for each requirement type. The correctness of the does not
meet responses is presented below to verify if in fact a designer is able to determine if a
design is not capable of meeting a requirement more easily from looking at a low fidelity
prototype than the drawing package.

There is a significant difference between the

responses with the drawing packages containing more perceived information but not for
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each requirement type (Table 6.17).

Thus, the drawing package and low fidelity

prototypes have almost identical results. This suggests that these two representations are
of the same values even though much less time and money was put into constructing the
low fidelity prototype. This is an interesting result because these two representations are
quite different. The drawing packages are virtual and of high fidelity while the low
fidelity prototypes are physical and of low fidelity. To determine if there is a difference
between the two representations, analysis of the correct results is necessary.
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Figure 6.23 - Relative % of responses for the drawing packages and low fidelity
prototypes
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Table 6.17 – Significant difference and perceived amount of information extracted
from the drawing packages and low fidelity prototypes
Comparison

Significant
Difference
(Answer)
Yes (.043)

Amount of
information for
drawing
packages (%)
73.0

Amount of
information for
low fidelity
prototypes (%)
67.6

Mode
Function
Geometric
Manufacturing

No (.072)
No (.152)
No (.749)

66.3
78.4
77.3

66.8
68.0
68.3

Mode with the
greater amount
of information
Drawing
package
Same
Same
Same

There is not a significant difference between the correct responses for the drawing
package and low fidelity prototype representations as seen in Figure 6.24 and Table 6.18.
There is also not a significant difference for each of the requirement types and the
individual does not meet and does meet responses. Thus the increase in does not meet
responses for the low fidelity prototypes does not affect the percent of correct responses.
Only recommendations can be made as to which representation to use since there is not
statistical difference between the representations. The charts of the correct responses for
the requirement types look similar to Figure 6.24.
Appendix F.
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These charts can be found in
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Figure 6.24 - Relative % of correct responses for the drawing packages and low
fidelity prototypes
Table 6.18 – Difference between correct student responses for the drawing packages
and low fidelity prototypes
Comparison

Mode
Function
Geometric
Manufacturing

Significant
Significant difference Significant difference
Difference (Correct
for Does not meet
for Does meet
answer)
responses
responses
No (.356)
No (.189)
No (.920)
No (.682)
No (.880)
No (.782)
No (.946)
No (1.000)
No (.836)
No (.682)
No (.077)
No (.754)

Overall, the drawing package has about 50% correct does not meet responses
while the low fidelity prototype has 30% (Figure 6.25).

Thus if a designer were

interested in determining if a design does not meet a requirement, there is a higher chance
of making a correct decision from looking at a drawing package. The percent of correct
does not meet and does meet responses is almost equal for functional requirements so
either representation would be useful for to decide if a requirement is met or not. Once
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again, there is 0% correct geometric does not meet responses so neither representation
would be useful for analyzing if a requirement is not met. The percent of correct
manufacturing responses is show in Figure 6.26. It is clear that a drawing package would
be the choice representation to determine if a manufacturing requirement is not met but
either representation is useful for determining if a manufacturing requirement is met. A
summary of the percent of correct responses is show in Table 6.19.
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Figure 6.25 - Relative % of correct Does not meet and Does meet responses for the
drawing packages and low fidelity prototypes
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Figure 6.26 - Relative % of correct Does not meet and Does meet manufacturing
responses for the drawing packages and low fidelity prototypes
Table 6.19 – Influence of requirement type, Does not meet, and Does meet responses
on correct student responses for the drawing packages and low fidelity prototypes

Drawing packages
Function
Geometric
Manufacturing
Low fidelity prototypes
Function
Geometric
Manufacturing

% Correct

% Correct for
Does not meet

% Correct for
Does meet

20.5
16.8
29.5
19.9
23.0
21.0
30.0
21.6

50.0
42.9
0.0
100.0
29.5
38.5
0.0
30.0

79.6
71.8
83.9
84.2
80.2
74.5
85.7
81.6

The confidence of the students in their responses is split depending on whether
they believe the requirement was met (Table 6.20). The students were more confident
that a requirement was not met if they were looking at the low fidelity prototype (column
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2 of Table 6.20) but were generally more confident for the drawing package due to less
can’t tell responses (column 3 of Table 6.20). They were equally confident that a design
does meet a requirement from looking at the drawing packages and the low fidelity
prototypes. Therefore neither the drawing package nor the low fidelity prototype has
increased confidence of the designer’s responses.
Table 6.20 - Student's confidence in their responses for the drawing packages and
low fidelity prototypes
Comparison

“Confidence”
% “Confidence”
% “Confidence”
Difference of
Difference of drawing Difference of drawing
drawing packages
packages and low
packages and low
and low fidelity fidelity prototypes for fidelity prototypes for
prototypes for Does
Can’t Tell (%)**
Does meet (%)*
not meet (%)*
Mode
-5.9
-5.3
-1.4
Function
-8.3
0.5
-0.8
Geometric
-5.7
-10.4
0.2
Manufacturing
-3.3
-9.0
-3.0
*Positive values represent more confidence for the drawing packages
** Negative values represent more confidence for the drawing packages
Shaded cells represent more confidence for drawing packages
As mentioned previously, no hard rules can be made for which representation to
use to determine if a requirement is met or not, only recommendations can be made. In
general, the drawing package is better for determining if a design does not meet a
requirement based on the higher percentage of correct responses over the low fidelity
prototypes. Either the drawing package or low fidelity prototype is helpful in figuring
out if a design does meet or does not meet a requirement. Neither representation should
be used to analyze if a geometric requirement is not met but can and should be used to
determine if a geometric requirement is met.
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The drawing package is better for

determining if a manufacturing requirement is not met but either representation is useful
to analyze if a design does meet a manufacturing requirement. The results from these two
representations are interesting because they yielded similar information even though the
forms of the representations and cost are quite different.

Further research into the

differences and similarities between these representations should be conducted.
6.2.5

Drawing Packages and High Fidelity Prototypes

The percentage of responses for the drawing packages and high fidelity
prototypes is shown in Figure 6.27. The students were more likely to say a design does
meet or possibly meets a requirement when looking at the high fidelity prototypes. There
is a significant difference between the responses for the two representations with the high
fidelity prototypes containing more information (Table 6.21). There is also a significant
difference in the responses for the functional and manufacturing requirements but not for
the geometric requirements.

In general, the students perceived they extracted more

information from the high fidelity prototypes than the drawing packages.
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Figure 6.27 - Relative % of responses for the drawing packages and high fidelity
prototypes
Table 6.21 – Significant difference and perceived amount of information extracted
from the drawing packages and high fidelity prototypes
Comparison

Significant
Difference
(Answer)
Yes (<.001)

Amount of
information for
drawing
packages (%)
73.0

Amount of
information for
high fidelity
prototypes (%)
84.4

Mode
Function

Yes (.002)

66.3

82.2

Geometric
Manufacturing

No (.172)
Yes (.006)

78.4
77.3

92.4
82.8

Mode with the
greater amount
of information
High fidelity
prototypes
High fidelity
prototypes
Same
High fidelity
prototypes

There is a significant difference in the percentage of correct responses with the
high fidelity prototypes being correct more often (Figure 6.28 and Table 6.22). However,
there is not a significant difference between the functional and manufacturing responses
even though the students perceived more information for these requirement types from
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the high fidelity prototypes. Additionally, the students perceived the same amount of
geometric information from the two representations, but overall there is a significant
difference in the correct responses. At closer inspection of the correct responses in Table
6.22, there is not a significant difference between the individual responses.

Thus,

although the students perceived different amounts of information from the
representations, they were not necessarily more correct in their responses based on the
representation they perceived the greater amount of information from.
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Figure 6.28 - Relative % of correct responses for the drawing packages and high
fidelity prototypes
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Table 6.22 – Difference between correct student responses for the drawing packages
and high fidelity prototypes
Comparison

Mode
Function
Geometric
Manufacturing

Significant
Significant difference Significant difference
Difference (Correct
for Does not meet
for Does meet
answer)
responses
responses
Yes (.002)
No (.599)
No (.596)
No (.071)
No (.833)
No (.856)
Yes (.026)
No (1.000)
No (.092)
No (.117)
No (1.000)
No (.765)

Because there is not a significant difference between the responses, only
recommendations can be made again.

Either representation would be useful for

determining if a design meets functional requirements (Figure 6.29). From Figure 6.30, it
is evident that neither representation is useful for determining if a geometric requirement
is not meet, but the high fidelity prototypes should be used to determine if a geometric
requirement is met.

Either representation would be beneficial to use for analyzing

manufacturing requirements based on the 100% correct does not meet responses and the
high percentage of does meet responses in Figure 6.31.
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Figure 6.29 - Relative % of correct Does not meet and Does meet functional
responses for the drawing packages and high fidelity prototypes
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Figure 6.30 - Relative % of correct Does not meet and Does meet geometric
responses for the drawing packages and high fidelity prototypes
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Figure 6.31 - Relative % of correct Does not meet and Does meet manufacturing
responses for the drawing packages and high fidelity prototypes
From Table 6.23, the students were more confident in their responses for the high
fidelity prototypes even though they were not necessarily more correct. The fact that the
students could touch the high fidelity prototypes is probably one of the main factors for
their higher confidence because both representations are of high fidelity.
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Table 6.23 - Student's confidence in their responses for the drawing packages and
high fidelity prototypes
Comparison

“Confidence”
% “Confidence”
% “Confidence”
Difference of
Difference of drawing Difference of drawing
drawing packages
packages and high
packages and high
and high fidelity fidelity prototypes for fidelity prototypes for
prototypes for Does
Can’t Tell (%)**
Does meet (%)*
not meet (%)*
Mode
0.7
-11.4
10.2
Function
-2.3
-15.9
11.3
Geometric
6.4
-14.0
12.6
Manufacturing
1.0
-5.5
8.0
*Positive values represent more confidence for the high fidelity prototypes
** Negative values represent more confidence for the high fidelity prototypes
Shaded cells represent more confidence for high fidelity prototypes
The students perceived more information and were more confident in the
information they extracted from the high fidelity prototypes but it turns out they were not
more often correct. Either representation would be useful for determining functional or
manufacturing requirements while the high fidelity prototype would be more beneficial to
use when determining if a geometric requirement is met.
6.2.6

Low Fidelity Prototypes and High Fidelity Prototypes

The relative percents of student responses for the low and high fidelity prototypes
are shown in Figure 6.32. The percent of does not meet responses is nearly double for the
low fidelity prototypes than the high. This may be due to the lack of a defined design
that gives the designer pause in saying a requirement is met when looking at a low
fidelity prototype. There is a higher percent of does meet responses for the high fidelity
prototypes which makes intuitive sense that a designer would be more willing to say a
design does meet a requirement when looking at a higher fidelity representation. There is
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a significant difference between the responses for the two representations where the high
fidelity prototypes contain more information (Table 6.24).
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Figure 6.32 - Relative % of responses for the low fidelity prototypes and high
fidelity prototypes
Table 6.24 – Significant difference and perceived amount of information extracted
from the low fidelity prototypes and high fidelity prototypes
Comparison

Significant
Difference
(Answer)
Yes (<.001)

Amount of
information for
low fidelity
prototypes (%)
67.6

Amount of
information for
high fidelity
prototypes (%)
84.4

Mode
Function

Yes (<.001)

68.8

82.2

Geometric

Yes (.016)

68.0

92.4

Manufacturing

Yes (.002)

68.3

82.8

Mode with the
greater amount
of information
High fidelity
prototypes
High fidelity
prototypes
High fidelity
prototypes
High fidelity
prototypes

There is a significant difference between the percent of correct responses overall
and for the geometric requirements with the high fidelity prototypes being more correct
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(Table 6.25). The individual responses for both overall and functional requirements yield
about the same amount of correct information.

The figures of the percent correct

responses for these responses are located in Appendix 0. There are again 0% correct
responses for the geometric does not meet responses as seen in Figure 6.33.

And

although there is not a significant difference between the correct does meet responses, the
high fidelity prototype yielded a higher percentage of correct geometric responses and is
therefore recommended for testing if a geometric requirement is met.

There is a

significant difference between the manufacturing does not meet responses where the high
fidelity prototypes have a larger percentage of correct responses (Table 6.25 and Figure
6.34). There is not a significant difference between the correct does meet geometric
responses so either representation could be used.
Table 6.25 – Difference between correct student responses for the low fidelity
prototypes and high fidelity prototypes
Comparison

Mode
Function
Geometric
Manufacturing

Significant
Significant difference Significant difference
Difference (Correct
for Does not meet
for Does meet
answer)
responses
responses
Yes (.021)
No (.561)
No (.654)
No (.420)
No (.920)
No (.903)
Yes (.026)
No (1.000)
No (.133)
No (.228)
Yes (.028)
No (.981)
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Figure 6.33 - Relative % of correct Does not meet and Does meet geometric
responses for the low fidelity prototypes and high fidelity prototypes
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Figure 6.34 - Relative % of correct Does not meet and Does meet manufacturing
responses for the low fidelity prototypes and high fidelity prototypes
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The students were overall more confident in their responses for the high fidelity
prototypes (Table 6.26). However, they were more likely to respond that a design does
not meet a requirement when looking at a low fidelity prototype even though they were
not always more correct in saying this. Thus, the designer should focus more on what
information come out of the high fidelity prototype because this was generally more
correct.
Table 6.26 - Student's confidence in their responses for the low fidelity prototypes
and high fidelity prototypes
Comparison

“Confidence”
% “Confidence”
% “Confidence”
Difference of low
Difference of low
Difference of low
fidelity prototypes
fidelity prototypes
fidelity prototypes
and high fidelity
and high fidelity
and high fidelity
prototypes for Does
prototypes for
prototypes for
not meet (%)*
Can’t Tell (%)**
Does meet (%)*
Mode
-5.2
-16.8
8.8
Function
-10.6
-15.4
10.5
Geometric
0.7
-24.4
12.8
Manufacturing
-2.3
-14.5
5.0
*Positive values represent more confidence for the high fidelity prototypes
** Negative values represent more confidence for the high fidelity prototypes
Shaded cells represent more confidence for high fidelity prototypes
The recommendations when using these two representations are to use either
representation when examining functional requirements.

Use the high fidelity for

determining if a design does not meet a geometric or manufacturing requirement and to
use either representation to determine if a design does meet a geometric or manufacturing
requirement.
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6.2.7

Summary of External Results

The results from the analysis of the two-dimensional and physical representations
yielded some general conclusions. The students were more likely to give a definite
answer when looking at the physical representations and were significantly more correct
in those responses. The students were more often correct when saying a design did meet
a requirement over saying it did not meet a requirement. Either representation mode is
useful for determining functional information, as they were both approximately correct.
Focus on what geometric requirements the design is capable of meeting and finally, look
at the physical representations for determining what manufacturing requirements the
design is incapable of meeting.
The specific conclusions for the individual representation types are enumerated
here:
!

The students are more inclined to give a definite answer for the drawing packages
over the sketches and perceived significantly more information from the drawing
packages.

Overall, the information perceived is more often correct for the

drawing packages.
!

There was not a significant difference in the amount of information or the percent
of correct responses for the functional requirements between the sketches and
drawing packages. Thus either representation would be useful for determining if
a design met the functional requirements.
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!

Neither the sketches nor drawing packages are useful for determining if a design
does not meet a geometric requirement but both are for determining if a design
does meet a geometric requirement.

!

As the fidelity of the two-dimensional representations increased, the students
were less likely to say a design does not meet a manufacturing requirement.

!

There is a significant difference between the correct manufacturing does not meet
responses where the drawing package responses were more often correct.

!

The students were more confident in their responses for the drawing packages.

!

There is not a significant difference between the amount of perceived information
for the sketches and low fidelity prototypes except for the manufacturing
requirements where the students perceived more information from the low fidelity
prototypes.

!

Even though the students perceived more manufacturing information from the low
fidelity prototypes, there is not significant difference between the correct
individual responses. There is significant difference overall where more correct
manufacturing information is extracted from the low fidelity prototypes. Thus, if
trying to determine if a design does or does not meet a manufacturing
requirement, trust the results from the low fidelity prototype over the sketch.

!

The students were more confident in their responses for the low fidelity prototype
over the sketch.
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!

The students perceived significantly more information from the high fidelity
prototypes and were overall significantly more correct in their responses than they
were for the sketches.

!

Overall there is a significant difference between the correct functional responses
where the high fidelity prototypes yielded a higher percentage of correct
responses over the sketches; however when examining the individual correct
responses, there is not a significant difference. Thus both representations are
useful for determining if a design does or does not meet functional requirements.

!

Neither the sketch nor high fidelity prototype should be used for determining if a
design does not meet geometric requirements.

!

Although there is not a significant difference between the correct does meet
responses, it is recommended the high fidelity prototype be used over a sketch to
determine if a design meets geometric requirements.

!

The high fidelity prototype should be used to determine if a manufacturing
requirement is not met but either the sketch or high fidelity prototype can be used
to determine if a manufacturing requirement is met.

!

There is no significant difference between the responses or the correct responses
for the drawing packages and low fidelity prototypes thus only recommendations
can be made for these two representations.

!

If determining if a design does not meet a requirement, use the drawing package
over the low fidelity prototype.
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!

If determining if a design does meet a requirement, use either the drawing
package or the low fidelity prototype.

!

Either the drawing package or low fidelity prototype is useful to determine if a
functional requirement is met or not.

!

Neither the drawing package nor the low fidelity prototype is useful to determine
if a geometric requirement is not met. Either is useful to determine if it is met.

!

The drawing package should be used to determine if a manufacturing requirement
is not met while either the low fidelity prototype or drawing package is useful to
determine if a manufacturing requirement is met.

!

The students were equally confident in their responses for both the drawing
package and low fidelity prototype representations.

!

Because conclusions can not be made between the drawing package and low
fidelity prototype, further research is needed.

!

A significant amount more of perceived information was extracted from the high
fidelity prototypes over the drawing packages. However, there is not a significant
difference between the correct responses so only recommendations can be made.

!

Either representation is useful for determining if functional and manufacturing
requirements are met.

!

Neither representation is effective to determine if geometric requirement are not
met but the high fidelity prototype should be used to determine if they are met.

!

The students had more confidence in their responses for the high fidelity
prototypes over the drawing packages.
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!

There is a significant difference between the responses and the correct responses
for the low and high fidelity prototypes with the students perceiving more
information and more correct information from the high fidelity prototypes.

!

Either the low or high fidelity prototypes are useful for determining if functional
requirements are met.

!

Neither high or low fidelity prototypes are useful to determine if a geometric
requirement is not met but the high fidelity prototypes are recommended to
determine if a geometric requirement is met.

!

There is a significant difference in the correct does not meet manufacturing
responses where the high fidelity prototypes contain more correct responses.
Either the low or high fidelity prototypes can be used to determine if a
manufacturing requirement is met.

!

The students had more confidence in their responses when examining the high
fidelity prototypes.
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CHAPTER 7
CONCLUSIONS

7.1

Summary and Recommendations

The two broad questions presented in the Chapter 1 are presented again below.
! What types of information can a designer extract from different representations?
! How confident is the designer that the information extracted reflects the actual
behavior of the final design?
To address the first question, Table 7.1 was created to summarize the recommendations
given throughout the thesis. The high fidelity and physical representations generally
yielded more correct responses so it is no surprise that the high fidelity prototype resulted
in the same responses. There are very few differences between the correct responses for
the low fidelity prototypes and drawing packages
Table 7.1 - Recommendations for when and what representation to use for
determining if a design does or does not meet the requirements
Representations
General

Recommendations based on the higher percentage of correct
responses
! Focus more on what the design is capable of meeting rather than
what it is incapable of meeting.
! Specifically focus on what geometric requirements the design is
capable of meeting instead of what it is incapable of meeting.
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Low fidelity

!

!

!
!

High fidelity

!
!
!

!

!

Two-dimensional

!
!

!

Avoid saying a requirement is not met because the fidelity of the
representation is low, instead focus on what requirements are
met and look further into the ones that may not be met. (Figure
5.1 and Figure 5.3)
Low fidelity representations are useful for determining if a
design does or does not meet functional requirements. (Table
5.2)
Low fidelity representations are not useful for determining if a
geometric requirement is met or not. (Table 5.2)
Low fidelity representations are useful for determining if a
design is capable of meeting manufacturing requirements but not
for determining if it is incapable of meeting manufacturing
requirements. (Table 5.2)
Use high fidelity representations when it is critical to determine
if a design does or does not meet a requirement. (Table 5.2)
The high fidelity representations are useful for determining if
functional requirement are met or not. (Table 5.2)
Use the high fidelity representations to determine what
geometric requirements the design is capable of meeting over the
low fidelity representations. (Table 5.2)
The high fidelity representations are more useful for determining
which manufacturing requirements the design is incapable of
meeting over the low fidelity representations. (Table 5.2)
The high fidelity representations are useful for determining if the
design is capable of meeting a manufacturing requirement.
(Table 5.2)
Two-dimensional representations are useful for determining if
functional requirements are met or not. (Table 6.2)
Two-dimensional representations can be used to determine if
geometric requirements are met, but not if they are not met.
(Figure 6.6)
Should not look at two-dimensional representations if
determining if a manufacturing requirement is not met but can
look at it to determine if it can be met. (Figure 6.7)
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Physical

!

!
!
!

Sketch

!

!

!

Overall, physical representations should be used over twodimensional representations because they yield a higher
percentage of correct responses. (Table 6.2)
Physical representations are useful for determining if functional
requirements are met or not. (Table 6.2)
Physical representations can be used to determine if geometric
requirements are met, but not if they are not met. (Figure 6.6)
Should look at physical representations to determine if
manufacturing requirements are met or not. (Figure 6.7)
Can be used to determine if functional requirements are met or
not when choosing between a sketch, drawing package, low
fidelity prototype or high fidelity prototype (Table 6.6, Table
6.10, and Table 6.14) but will generally get more correct
information from the low and high fidelity prototype. (Table 6.11
and Table 6.15)
Should not be used to determine if a geometric requirement is not
met but may be used to determine if it is met. However, a
designer will get more correct responses from looking at either
the drawing package, or low or high fidelity prototypes. (Table
6.7, Table 6.11, and Table 6.15)
Should not be used to determine if a manufacturing requirement
is not met but may be used to determine if a manufacturing
requirement is met but will generally get more correct responses
when looking at either the drawing package, or low or high
fidelity prototypes. (Table 6.7, Table 6.11, and Table 6.15)
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Drawing package

!

!

!

!

Low fidelity
prototype

!

!

!

The drawing package can be used to determine if functional
requirements are met but will get about the same amount of
correct information when looking at the sketch, low, or high
fidelity prototypes (Table 6.6, Table 6.19, and Table 6.22)
Not good for determining if a geometric requirement is not met
but is good for determining if it is met. Will get about the same
amount of correct information when looking at the low fidelity
prototype and slightly more from looking at the high fidelity
prototypes and less from looking at the sketch. (Table 6.19,
Table 6.22 and Table 6.7)
The drawing package should be used to determine if
manufacturing requirement are not met over the low fidelity
prototype but will get about the same amount of correct
information from the high fidelity prototype. (Table 6.19 and
Table 6.22)
The drawing package may be used to determine if manufacturing
requirements are met and will yield about the same amount of
correct responses as the low and high fidelity prototype and more
than the sketch. (Table 6.7, Table 6.19 and Table 6.22)
The low fidelity prototypes can be used to determine if
functional requirements are met and will get about the same
amount of correct information when looking at the drawing
package or high fidelity prototype and more correct information
than the sketch (Table 6.11, Table 6.19, and Table 6.25)
Should not be used for determining if geometric requirement are
not met but can be used to determine if they are met. The low
fidelity prototypes will yield more correct information than
sketch, same amount as drawing package, and less than the high
fidelity prototype. (Table 6.11, Table 6.18, and Table 6.25)
The low fidelity prototypes should not be used to determine if
manufacturing requirements are not met but can be used to
determine if they are met and will yield more correct responses
than using the sketch but the same amount of correct information
as the drawing package and high fidelity prototype. (Table 6.11,
Table 6.18, and Table 6.25)
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High fidelity
prototype

!

!

!

The high fidelity prototypes are good for determining if a design
does or does not meet functional requirements and will yield
more correct results than the sketch, the same as the drawing
package and low fidelity prototype. (Table 6.15, Table 6.22, and
Table 6.25)
Should not be used to determine geometric requirement that a
design does not meet but should be used to determine if a
requirement is met. It will yield more correct results than the
sketch and low fidelity prototype and about the same as the
drawing package (Table 6.15, Table 6.22, and Table 6.25)
Should look at the high fidelity prototype for manufacturing
requirements, specifically the manufacturing requirements that
the design does meet. Overall, the high fidelity prototype will
yield more correct results than the sketch and the same as the
drawing package and low fidelity prototype (Table 6.15, Table
6.22, and Table 6.25)

Recall that the second goal of this thesis was to determine if the confidence of the
designers in the information they extract could be increased from the results of the
experiment. Table 7.2 summarizes the results of the experiment with the shaded cells
representing possible chances for a change in confidence level. The first shaded cell of
the functional requirements for the sketches and drawing packages representations shows
that the designers perceived the same amount of correct information but were more
confident in their responses for the drawing packages. This should heed as a warning that
the functional information derived from the drawing package is not necessarily more
correct than the information from the sketch. The same goes for the following three
shaded cells under the low fidelity prototypes and drawing packages. This also shows
that the student responses were equally correct for the two representations but the
students had more confidence, depending on the requirement type, for one or the other
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representation.

Thus, instead of building the confidence of the designers in their

responses, the results from this experiment actually draw attention to the fact that even
though designers may be more confident in their responses when looking at one
representation over another, they are not necessarily more correct.
Table 7.2 - Review of the results from the experiment for the different
representations
Comparison
(First representation/second
representation)
High fidelity/Low fidelity
Function
Geometric
Manufacturing
2D/Physical
Function
Geometric
Manufacturing
Sketch/Drawing Package
Function
Geometric
Manufacturing
Sketch/Low Fidelity
Prototype
Function
Geometric
Manufacturing
Sketch/High Fidelity
Prototype

Greater amount
of perceived Overall Correctness
information
High fidelity
High fidelity
High fidelity
Same
High fidelity
High fidelity
High fidelity
High fidelity
Physical
Physical
Same
Physical
Same
Physical
Physical
Physical
Drawing
Drawing package
package
Same
Same
Drawing
Drawing package
package
Drawing
Drawing package
package
Low fidelity
Same
prototype
Low fidelity
Same
prototype
Low fidelity
Same
prototype
Low fidelity
Low fidelity
prototype
prototype
High fidelity
High fidelity
prototype
prototype

135

Overall Confidence
High fidelity
High fidelity
High fidelity
High fidelity
Physical
Physical
Physical
Physical
Drawing package
Drawing package
Drawing package
Drawing package
Low fidelity
prototype
Low fidelity
prototype
Low fidelity
prototype
Low fidelity
prototype
High fidelity
prototype

Function
Geometric
Manufacturing
Low Fidelity Prototype/
Drawing Package
Function
Geometric
Manufacturing
Drawing Package/High
Fidelity Prototype
Function
Geometric
Manufacturing
Low Fidelity Prototype/High
Fidelity Prototype
Function
Geometric
Manufacturing

High fidelity
prototype
High fidelity
prototype
High fidelity
prototype
Drawing
package

High fidelity
prototype
High fidelity
prototype
High fidelity
prototype

High fidelity
prototype
High fidelity
prototype
High fidelity
prototype

Same

Same

Same

Same

Same
Same
High fidelity
prototype
High fidelity
prototype

Same
Same
High fidelity
prototype

High fidelity
prototype

Same
High fidelity
prototype
High fidelity
prototype
High fidelity
prototype
High fidelity
prototype
High fidelity
prototype
7.2

Same

Same
High fidelity
prototype
Same
High fidelity
prototype
Same

Low fidelity
prototype
Drawing package
Drawing package
High fidelity
prototype
High fidelity
prototype
High fidelity
prototype
High fidelity
prototype
High fidelity
prototype
High fidelity
prototype
High fidelity
prototype
High fidelity
prototype

Future Work

This thesis only touches the surface at what information is contained in
engineering representations.

Knowing what type of information is contained in a

representation will be invaluable for future designers. Take the example of placing a ball
on a slanted table. From the information that a ball is round and a table is not level, you
know the ball will roll off the table. You have knowledge (ball rolling off table) from
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this information (round ball and slanted table).

Once the information contained in

different representations is known, designers will be able to make educated decision to
choose which representations will be the most beneficial to build to gain the desired
information while minimizing time and cost.
One of the problems with the results was the students were not given any tools to
use to when analyzing the prototypes. In the real world, they may be able to test loads,
displacements, excreta. However for this experiment, a design review was simulated so
they only determined what information they could gain just from looking at the
representations. This could be why the students were not able to determine why the
geometric requirement was not met and why there were few differences between the
functional information gained from each representation. Another reason there may have
been few differences in functional and geometric information between the drawing
packages and other representations is due to the fact that they were again only allowed to
look at the drawing packages. In many cases, once the solid model is made, different
analyses can be done on the model like finite element analysis. Further research needs to
be completed on the difference between the low fidelity prototypes and drawing
packages.

The results from this experiment found that there were few differences

between the two representations, which could be again due to not completely utilizing the
representations to their full extent. The advantage of running this experiment using real
world representations is that no bias was introduced into the results. Now that general
information is known about each representation, future user study experiments can build
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upon this information. They can gear the experiments to look for specific advantages and
disadvantages of the representations that were not clear from these results.
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APPENDICES
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APPENDIX A - COMPLEXITY OF THE REPRESENTATIONS
A.1 Complexity of the sketches

Figure 7.1 - Measure of the complexity of the Annulus sketch

Figure 7.2 - Measure of the complexity of the Mini-go-round sketch

140

A.2 Complexity of the drawing packages

Figure 7.3 - Measure of the complexity of the Annulus drawing package
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Figure 7.4 - Measure of the complexity of the Mini-go-round drawing package,
isometric view
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Figure 7.5 - Measure of the complexity of the Mini-go-round drawing package, side
view
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A.3 Complexity of the low fidelity prototypes

Figure 7.6 - Measure of the complexity of the Annulus low fidelity prototype
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Figure 7.7 - Measure of the complexity of the Mini-go-round low fidelity prototype
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A.4 Complexity of the high fidelity prototypes

Figure 7.8 - Measure of the complexity of the Annulus high fidelity prototype
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Figure 7.9 - Measure of complexity of the Mini-go-round high fidelity prototype
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APPENDIX B - PROTOTYPING LECTURE GIVEN TO THE STUDENTS ON DAY 1
OF THE EXPERIMENT
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7:/2/25G81F
•
•

•
•

Prototypes are used to explore ideas
They are not limited to production quality
– LEGOS
– Cardboard
– Wood
– Metal
They may be the entire system or pieces of the system
Want to LEARN from prototypes
– Think about what kinds of analysis you might perform (qualitative
vs. quantitative
quantitative)
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APPENDIX C - EXAMPLE OF THE ANNULUS PACKET GIVEN TO THE
STUDENTS

!"#$%&'()&*+",-.,#/
Annulus
A lunar wheel is needed with the maximum possible traction that can be obtained while
of affording the necessary traction. This tread must last at least 10,000 km with little to
no negative drift in tractive properties. Therefore, various traction samples must be
tested at varying degrees of wear and compressive degradation to determine the relative
traction performance. Develop a test apparatus to evaluate the performance of
various tread samples.

),"&+.,#/*
For each requirement, mark the answer that most closely matches whether you believe the design
meets that specific requirement based on this representation.
Does not meet: The design definitely does not meet the requirement – high confidence
May not meet: Does not appear that the design meets the requirement – low confidence
Can’t tell: Cannot tell if the design meets the requirement
Possibly meets: Appears that the design meets the requirement – low confidence
Does meet: The design definitely does meet the requirement – high confidence
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Requirement

May not
meet

Does not
meet

Have the ability to vary a
normal (straight down) load
up to 500kg
Must not exceed floor space of
10mx10m
Measure applied load
Use recyclable materials
Use readily available materials
Apply a load vertically within
5° range
Be able to lift by 4 people
Minimize number of parts
Allow easy interchangeability
between material samples
Able to be constructed in a
week
Minimize maintenance
Provide rigid connection
between tread and fixture
Minimize cost
Accommodate a material
sample patch no smaller than
the diameter of a softball
Measure slip between soil and
tread
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Can’t
tell

Possibly
meets

Does
meet

Operate at 10kph
Keep operator safe
Remain steady while in
operation
Do not require the operator to
exert a normal amount of effort
to operate machine
Minimize time interval between
inspections
Able to be constructed by
sophomore students
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Name_____________________________________
Answer these questions based on your personal experience with prototyping for any
project you have completed in the past.
"$ W?,2!:/+0!@8@!G:/2/25G81F!G+,5!81!5/D:!@0-8F1!302?/@!,1@!=?,2!/2?0:!@0-8F1!2//+-!,1@!
302?/@-!@8@!5/D!03G+/5j!

#$ W?,2!,:0!2?0!9010>82-!/>!G:/2/25G81Fj!

($ W?,2!,:0!5/D!1/:3,+!9D@F02!,1@!:0-/D:;0!;/1-2:,812-!=82?!:0-G0;2!2/!G:/2/25G81F!,1@!
?/=!@/0-!2?8-!,>>0;2!2?0!=,5!5/D!@0G+/5!G:/2/25G81F!G:,;28;0-j!

)$ W?,2!81>/:3,28/1!=,-!F,810@!>:/3!2?0!G:/2/25G81Fj!

'$ J/=!8120F:,+!8-!G:/2/25G81F!2/!5/D:!@0-8F1!302?/@j!

E$ J,Z0!5/D!0Z0:!D-0@!G:/2/25G81F!,1@!=8-?0@!5/D!?,@1n2j!

K$ J,Z0!5/D!0Z0:!1/2!D-0@!G:/2/25G81F!,1@!=8-?0@!5/D!?,@j!
!
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APPENDIX D - COMPLETE ANALYSIS OF THE INTERNAL VALIDATION
D.1 Analysis of the responses for each class
)%$%&
('$%&

:%;<"=>%'?

(%$%&
./0-!1/2!3002

#'$%&

4,5!1/2!3002

#%$%&

*,162!20++
"'$%&

7/--89+5!3002-

"%$%&

./0-!3002

'$%&
$%&
*+,--!"

*+,--!#

Figure 7.10 - Relative % of responses for the two classes
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Figure 7.11 - Relative % of responses for functional requirements for each class
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Figure 7.12 - Relative % of responses for geometric requirements for each class
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Figure 7.13 - Relative % of responses for manufacturing requirements for each class
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Table 7.3 - Significant difference and perceived amount of information extracted for
the two classesificant difference
Comparison

Significant
Difference
between student
responses?

Perceived
amount of
information for
Class 1 (%)

Perceived
amount of
information for
Class 2 (%)

Class with the
greater amount
of perceived
information

Class
Function
Geometric
Manufacturing

Yes (<.001)
Yes (.006)
Yes (.001)
No (.060)

73.4
73.2
78.8
73.1

67.7
65.5
73.3
67.3

Class 1
Class 1
Class 1
Same

Table 7.4 - Significant difference values between each response for the two classes
Comparison
Answer
Class
Function
Geometric
Manufacturing

Does not
meet
No (1.000)
No (1.000)
No (1.000)
No (1.000)

May not meet Can’t tell
No (1.000)
No (1.000)
No (1.000)
No (1.000)

No (1.000)
No (1.000)
No (1.000)
No (1.000)

Possibly
meets
No (1.000)
No (1.000)
No (1.000)
No (1.000)

Does meet
No (1.000)
No (1.000)
No (1.000)
No (1.000)

Note that Table 7.4 shows there is no significant difference between each response for the
two classes. This turned out to be true for all the following results. This does not make
sense and therefore is not included in the discussion of the results located in the body of
the thesis.
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Figure 7.14 - Relative % of responses for the correct answers for each class
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Figure 7.15 - Relative % of functional responses for each class
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Figure 7.16 - Relative % of geometric responses for each class
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Figure 7.17 - Relative % of manufacturing responses for each class
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Figure 7.18 - Relative % of Does not meet and Does meet responses for each class
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Figure 7.19 - Relative % of Does not meet and Does meet functional responses for
each class
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Figure 7.20 - Relative % of Does not meet and Does meet geometric responses for
each class
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Figure 7.21 - Relative % of Does not meet and Does meet manufacturing responses
for each class
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Table 7.5 – Significant difference for correct answers for the each class
Comparison
Correct Answer
Class
Function
Geometric
Manufacturing

Significant
Difference
Correct Answer
Yes (<.001)
Yes (.012)
Yes (.005)
No (.151)

Significant Difference Significant Difference
Does not meet
Does meet
No (.252)
No (.173)
No (1.000)
No (.916)

No (.303)
No (.097)
No (.766)
No (.960)

Table 7.6 – Relative % of correct responses for each class
Comparison

% Correct

Class 1
Function
Geometric
Manufacturing
Class 2
Function
Geometric
Manufacturing

24.2
22.5
35.8
20.2
17.2
15.5
22.8
18.1

% Correct for Does
not meet
36.8
47.6
0.0
44.4
25.5
27.3
0.0
41.2

% Correct for Does
meet
78.8
69.9
90.1
80.2
82.7
80.8
88.5
80.6

Table 7.7 – Confidence of the student responses for the each class
Comparison

% “Confidence”
% “Confidence”
% “Confidence”
Difference of Class 1 Difference of Class 1 Difference of Class 1
and Class 2 for Does and Class 2 for
and Class 2 for
not meet (%)*
Can’t Tell (%)**
Does meet (%)*
Class
-0.7
-6.5
9.4
Function
0.8
-7.6
10.7
Geometric
-1.5
-5.5
13.9
Manufacturing
-1.7
-5.8
5.9
*Positive values represent more confidence for Class 1
** Negative values represent more confidence for the Class 1
Shaded cells represent more confidence for Class 1
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D.2 Analysis of the responses for the order the representations were examined
)%
('

:%;<"=>%'?

(%
./0-!1/2!3002

#'

4,5!1/2!3002

#%

*,162!20++
"'

7/--89+0!3002-

"%

./0-!3002

'
%
<1-=0:0@!"-2

<1-=0:0@!#1@

Figure 7.22 - Relative % of responses for the order of analyzing representations
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Figure 7.23 - Relative % of responses for functional requirements for the order of
analyzing representations
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Figure 7.24 - Relative % of responses for geometrical requirements for the order of
analyzing representations
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Figure 7.25 - Relative % of responses for manufacturing requirements for the order
of analyzing representations
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Table 7.8 – Significant difference and perceived amount of information extracted
based on the order the representations were analyzed
Comparison

Order
Function
Geometric
Manufacturing

Significant
Perceived
Perceived
Order with the
Difference
amount of
amount of
greater amount
between student information for information for
of perceived
responses?
representations representations
information
Answered 1st (%) Answered 2nd (%)
No (.362)
71.1
70.4
Same
No (.155)
68.1
69.9
Same
No (.319)
76.4
75.3
Same
No (.442)
71.5
68.6
Same
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Figure 7.26 – Relative % of correct responses for the order of analyzing
representations
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Figure 7.27 - Relative % of correct functional responses for the order of analyzing
representations
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Figure 7.28 - Relative % of correct geometric responses for the order of analyzing
representations
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Figure 7.29 - Relative % of correct manufacturing responses for the order of
analyzing representations
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Figure 7.30 - Relative % of correct Does not meet and Does meet responses for the
order of analyzing representations
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Figure 7.31 - Relative % of correct Does not meet and Does meet functional
responses for the order of analyzing representations
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Figure 7.32 - Relative % of correct Does not meet and Does meet geometric
responses for the order of analyzing representations
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Figure 7.33 - Relative % of correct Does not meet and Does meet manufacturing
responses for the order of analyzing representations
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Table 7.9 – Significant difference of the correct responses based on the order the
representations were analyzed
Comparison
Correct Answer
Design Problem
Function
Geometric
Manufacturing

Significant
Difference
Correct Answer
No (.119)
No (.090)
No (.349)
No (.946)

Significant Difference Significant Difference
Does not meet
Does meet responses
responses
No (.162)
No (.385)
No (.450)
No (.979)
No (1.000)
No (.590)
No (.597)
No (.318)

Table 7.10 – Relative % of correct responses for the order of analyzing the
representations
Comparison

% Correct

Answered 1st
Function
Geometric
Manufacturing
Answered 2nd
Function
Geometric
Manufacturing

19.0
16.3
26.7
18.0
21.7
21.0
31.1
18.2

% Correct for Does not % Correct for Does meet
meet
23.8
33.3
0.0
33.3
36.2
40.9
0.0
47.1

82.2
74.7
91.1
83.5
79.0
74.5
88.1
77.2

Table 7.11 – Confidence of the students in their responses for the order of analyzing
representations
Comparison

% “Confidence”
% “Confidence”
Difference of
Difference of
answered 1st and
answered 1st and
answered 2nd for
answered 2nd for
Does not meet (%)*
Can’t Tell (%)**
Design Problem
0.5
0.6
Function
0.2
-1.8
Geometric
-2.1
1.2
Manufacturing
3.3
17.1
*Positive values represent more confidence for answered 2nd
** Negative values represent more confidence for answered 2nd
Shaded cells represent more confidence for answered 2nd
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% “Confidence”
Difference of
answered 1st and
answered 2nd for
Does meet (%)*
3.6
5.6
5.9
10.5

D.3 Analysis of the responses for each design problem
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Figure 7.34 - Relative % of responses for each design problem
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Figure 7.35 - Relative % of responses for functional requirements for each design
problem
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Figure 7.36 - Relative % of responses for geometric requirements for each design
problem
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Figure 7.37 - Relative % of responses for manufacturing requirements for each
design problem
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Table 7.12 - Significant difference and perceived amount of information extracted
from the representations for each design problem
Comparison

Significant
Difference
(Answer)

Design Problem
Function
Geometric
Manufacturing

Yes (.004)
Yes (<.001)
No (.336)
Yes (.001)

Amount of
Amount of
Representation
information for information for with the greater
Mini-Go-Round
Annulus
amount of
representations representations
information
(%)
(%)
75.0
66.7
Mini-go-round
75.7
63.0
Mini-go-round
77.6
74.1
Same
74.9
67.3
Mini-go-round
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Figure 7.38 - Relative % of correct responses for each design problem
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Figure 7.39 - Relative % of correct functional responses for each design problem
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Figure 7.40 - Relative % of correct geometric responses for each design problem

180

(%
#'

:%;<"=>%'?

#%
"'

4818AB/AC/D1@
<11D+D-

"%
'
%
*/::0;2!<1-=0:-!>/:!0,;?!@08-F1!G:/9+03

Figure 7.41 - Relative % of correct manufacturing responses for each design
problem
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Figure 7.42 - Relative % of correct Does not meet and Does meet responses for each
design problem
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Figure 7.43 - Relative % of correct Does not meet and Does meet function responses
for each design problem
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Figure 7.44 - Relative % of correct Does not meet and Does meet geometric
responses for each design problem
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Figure 7.45 - Relative % of correct Does not meet and Does meet manufacturing
responses for each design problem
Table 7.13 – Significant difference of correct responses for each design problem
Comparison
Correct Answer
Design Problem
Function
Geometric
Manufacturing

Significant
Difference
Correct Answer
No (.133)
Yes (<.001)
Yes (<.001)
Yes (<.001)

Significant Difference Significant Difference
Does not meet
Does meet
No (.527)
No (.869)
No (1.000)
Yes (.024)

Yes (.050)
No (.105)
Yes (.001)
No ( .078)

Table 7.14 – Relative % of correct responses for each design problem
Comparison

% Correct

% Correct for Does
not meet
183

% Correct for Does
meet

Mini-Go-Round
Function
Geometric
Manufacturing
Annulus
Function
Geometric
Manufacturing

19.0
25.1
19.8
12.6
21.8
13.0
38.1
23.6

33.3
20.0
0.0
72.7
29.0
39.5
0.0
20.0

76.8
78.3
77.6
72.7
84.0
67.2
97.3
84.5

Table 7.15 – Confidence of the responses for each design problem
Comparison

% “Confidence”
% “Confidence”
% “Confidence”
Difference of Mini- Difference of Mini- Difference of Minigo-round and
go-round and Annulus go-round and Annulus
Annulus for Does not
for
for
meet (%)*
Does meet (%)*
Can’t Tell (%)**
Design Problem
3.4
8.2
0.2
Function
7.5
12.7
-17.5
Geometric
-1.0
3.5
13.6
Manufacturing
1.0
5.6
12.5
*Positive values represent more confidence for the Annulus
** Negative values represent more confidence for the Annulus
Shaded cells represent more confidence for Annulus
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D.4 Analysis of the responses for the two sketches
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Figure 7.46 - Relative % of responses for each sketch
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Figure 7.47 - Relative % of responses for functional requirements for each sketch
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Figure 7.48 - Relative % of responses for geometric requirements for each sketch
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Figure 7.49 - Relative % of responses for manufacturing requirements for each
sketch
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Table 7.16 – Significant difference and perceived amount of information extracted
from each sketch
Comparison

Significant
Difference
(Answer)

Design Problem
Function
Geometric
Manufacturing

Yes (<.001)
Yes (<.001)
No (.985)
No (.429)

Amount of
Amount of
information for information for
Mini-Go-Round Annulus sketch
sketch (%)
(%)
66.3
74.5
64.2
59.0

52.0
48.1
68.8
47.9

Sketch with the
greater
perceived
amount of
information
Mini-Go-Round
Mini-Go-Round
Same
Same
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Figure 7.50 - Relative % of correct responses for each sketch
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Figure 7.51 - Relative % of correct functional responses for each sketch
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Figure 7.52 - Relative % of correct geometric responses for each sketch
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Figure 7.53 - Relative % of correct manufacturing responses for each sketch
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Figure 7.54 - Relative % of correct Does not meet and Does meet responses for each
sketch
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Figure 7.55 - Relative % of correct Does not meet and Does meet functional
responses for each sketch
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Figure 7.56 - Relative % of correct Does not meet and Does meet geometric
responses for each sketch
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Figure 7.57 - Relative % of correct Does not meet and Does meet manufacturing
responses for each sketch
Table 7.17 – Significant difference of correct responses for each sketch
Comparison
Correct Answer
Design Problem
Function
Geometric
Manufacturing

Significant
Difference
Correct Answer
No (.748)
No (.057)
Yes (.008)
No (.428)

Significant Difference Significant Difference
Does not meet
Does meet
No (.768)
No (.857)
No mini ans
No (1.000)

No (.248)
No (.492)
No (.469)
No ( .174)

Table 7.18 – Relative % of correct responses for each sketch
Comparison
Mini-Go-Round
Function
Geometric
Manufacturing
Annulus
Function
Geometric
Manufacturing

% Correct
9.1
17.0
3.8
3.8
9.9
8.3
20.8
3.0

% Correct for Does
not meet
0.0
0.0
No mini ans
0.0
14.3
33.3
0.0
0.0
191

% Correct for Does
meet
72.7
85.7
66.7
44.4
85.2
70.0
100.0
85.7

Table 7.19 – Confidence of the student responses for each sketch
Comparison

% “Confidence”
% “Confidence”
% “Confidence”
Difference of Mini- Difference of Mini- Difference of Minigo-round and
go-round and Annulus go-round and Annulus
Annulus for Does not
for
for
meet (%)*
Can’t Tell (%)**
Does meet (%)*
Design Problem
4.4
14.3
-1.8
Function
4.6
26.4
-10.6
Geometric
4.2
-4.6
15.2
Manufacturing
4.3
11.1
-1.3
*Positive values represent more confidence for the Annulus
** Negative values represent more confidence for the Annulus
Shaded cells represent more confidence for Annulus
D.5 Analysis of the responses for the two drawing packages
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Figure 7.58 - Relative % of responses for each drawing package
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Figure 7.59 - Relative % of responses for functional requirements for each drawing
package
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Figure 7.60 - Relative % of responses for geometric requirements for each drawing
package
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Figure 7.61 - Relative % of responses for manufacturing requirements for each
drawing package
Table 7.20 – Significant difference and perceived amount of information extracted
from each drawing package
Comparison

Significant
Difference
(Answer)

Design Problem
Function
Geometric
Manufacturing

Yes (.047)
No (.061)
No (.324)
Yes (<.001)

Amount of
Amount of
Sketch with the
information for information for greater amount
Mini-Go-Round Annulus drawing of information
drawing package package (%)
(%)
67.7
80.3
Annulus
62.5
71.3
Same
76.9
80.6
Same
68.3
90.3
Annulus
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Figure 7.62 – Relative % of correct responses for each drawing package
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Figure 7.63 – Relative % of correct functional responses for each drawing package
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Figure 7.64 – Relative % of correct geometric responses for each drawing package
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Figure 7.65 – Relative % of correct manufacturing responses for each drawing
package
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Figure 7.66 – Relative % of correct Does not meet and Does meet responses for each
drawing package
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Figure 7.67 – Relative % of correct Does not meet and Does meet functional
responses for each drawing package
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Figure 7.68 – Relative % of correct Does not meet and Does meet geometric
responses for each drawing package
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Figure 7.69 – Relative % of correct Does not meet and Does meet manufacturing
responses for each drawing package
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Table 7.21 – Significant difference of correct responses for each drawing package
Comparison
Correct Answer
Design Problem
Function
Geometric
Manufacturing

Significant
Difference
Correct Answer
Yes (.002)
No (.836)
Yes (.039)
Yes (.001)

Significant Difference Significant Difference
Does not meet
Does meet
No (.600)
No mini ans
No (1.000)
No (1.000)

No (.510)
No (.510)
No (.653)
No ( .334)

Table 7.22 – Relative % of correct responses for each drawing package
Comparison

% Correct

Mini-Go-Round
Function
Geometric
Manufacturing
Annulus
Function
Geometric
Manufacturing

15.4
16.3
21.2
11.5
27.7
17.5
41.7
31.9

% Correct for Does
not meet
66.7
No mini ans
0.0
100.0
44.4
42.9
0.0
100.0

% Correct for Does
meet
82.6
77.3
78.6
100.0
77.4
64.7
88.2
78.6

Table 7.23 – Confidence of the students in their responses for each drawing package
Comparison

% “Confidence”
% “Confidence”
% “Confidence”
Difference of Mini- Difference of Mini- Difference of Minigo-round and
go-round and Annulus go-round and Annulus
Annulus for Does not
for
for
meet (%)*
Can’t Tell (%)**
Does meet (%)*
Design Problem
3.6
-12.6
15.3
Function
8.8
-8.8
.1
Geometric
.9
-3.6
20.3
Manufacturing
-.5
-22.0
29.3
*Positive values represent more confidence for the Annulus
** Negative values represent more confidence for the Annulus
Shaded cells represent more confidence for Annulus
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D.6 Analysis of the responses for the two low fidelity prototypes
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Figure 7.70 - Relative % of responses for each low fidelity prototype
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Figure 7.71 - Relative % of responses for functional requirements for each low
fidelity prototype
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Figure 7.72 - Relative % of responses for geometric requirements for each low
fidelity prototype
'%$%&
)'$%&
)%$%&
:%;<"=>%'?

('$%&

./0-!1/2!3002

(%$%&

4,5!1/2!3002

#'$%&

*,162!20++

#%$%&

7/--89+5!3002-

"'$%&

./0-!3002

"%$%&
'$%&
$%&
4818AF/A:/D1@

<11D+D-

Figure 7.73 - Relative % of responses for manufacturing requirements for each
design problem
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Table 7.24 – Significant difference and perceived amount of information extracted
from each low fidelity representation
Comparison

Significant
Difference
(Answer)

Design Problem
Function
Geometric
Manufacturing

Yes (<.001)
Yes (<.001)
No (.322)
No (.817)

Amount of
Amount of
Low fidelity
information for information for prototype with
Mini-Go-Round
Annulus low
the greater
low fidelity fidelity prototype
amount of
prototype (%)
(%)
information
80.4
58.2
Mini-go-round
77.3
59.5
Mini-go-round
79.5
58.9
Same
83.9
56.3
Same
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Figure 7.74 – Relative % of correct responses for each low fidelity prototype
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Figure 7.75 – Relative % of correct functional responses for each low fidelity
prototype
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Figure 7.76 – Relative % of correct geometric responses for each low fidelity
prototype
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Figure 7.77 – Relative % of correct manufacturing responses for each low fidelity
prototype
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Figure 7.78 – Relative % of correct Does not meet and Does meet responses for each
low fidelity prototype
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Figure 7.79 – Relative % of correct Does not meet and Does meet functional
responses for each low fidelity prototype
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Figure 7.80 – Relative % of correct Does not meet and Does meet geometric
responses for each low fidelity prototype
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Figure 7.81 – Relative % of correct Does not meet and Does meet manufacturing
responses for each low fidelity prototype
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Table 7.25 – Significant difference for correct responses for the low fidelity
prototypes
Comparison
Correct Answer
Design Problem
Function
Geometric
Manufacturing

Significant
Difference
Correct Answer
No (.233)
Yes (<.001)
No (.162)
No (.188)

Significant Difference Significant Difference
Does not meet
Does meet
No (.582)
No (.394)
No (1.000)
No (.711)

No (.123)
No (.403)
No (.099)
No ( .599)

Table 7.26 – Relative % of correct responses for each low fidelity prototype
Comparison

% Correct

Mini-Go-Round
Function
Geometric
Manufacturing
Annulus
Function
Geometric
Manufacturing

25.6
35.2
22.7
17.2
21.1
11.1
35.7
21.6

% Correct for Does
not meet
16.7
0.0
0.0
50.0
31.6
41.7
0.0
25.0

% Correct for Does
meet
75.3
77.5
66.7
77.8
86.2
57.1
100.0
81.6

Table 7.27 – Confidence of the student responses for each low fidelity prototype
Comparison

% “Confidence”
% “Confidence”
Difference of Mini- Difference of Minigo-round and
go-round and
Annulus for Does
Annulus for
not meet (%)*
Can’t Tell (%)**
Design Problem
10.2
22.2
Function
16.8
17.7
Geometric
6.2
20.6
Manufacturing
4.8
27.7
*Positive values represent more confidence for the Annulus
** Negative values represent more confidence for the Annulus
Shaded cells represent more confidence for Annulus
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% “Confidence”
Difference of Mini-goround and Annulus for
Does meet (%)*
-13.6
-39.9
1.6
7.0

D.7 Analysis of the responses for the two high fidelity prototypes
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Figure 7.82 - Relative % of responses for each high fidelity prototype
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Figure 7.83 - Relative % of responses for functional requirements for each high
fidelity prototype
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Figure 7.84 - Relative % of responses for geometric requirements for each high
fidelity prototype
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Figure 7.85 - Relative % of responses for manufacturing requirements for each high
fidelity prototype
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Table 7.28 – Significant difference and perceived amount of information extracted
from each high fidelity prototype
Comparison

Significant
Difference
(Answer)

Design Problem
Function
Geometric
Manufacturing

No (.557)
Yes (.002)
No (.064)
Yes (.003)

Amount of
Amount of
Low fidelity
information for information for prototype with
Mini-Go-Round
Annulus low
the greater
low fidelity fidelity prototype
amount of
prototype (%)
(%)
information
89.4
80.5
Same
92.6
75.0
Mini-go-round
93.0
91.8
Same
84.5
81.4
Mini-go-round
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Figure 7.86 – Relative % of correct responses for each high fidelity prototype
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Figure 7.87 – Relative % of correct functional responses for each high fidelity
prototype
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Figure 7.88 – Relative % of correct geometric responses for each high fidelity
prototype
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Figure 7.89 – Relative % of correct manufacturing responses for each high fidelity
prototype
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Figure 7.90 – Relative % of correct Does not meet and Does meet responses for each
high fidelity prototype
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Figure 7.91 – Relative % of correct Does not meet and Does meet functional
responses for each high fidelity prototype
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Figure 7.92 – Relative % of correct Does not meet and Does meet geometric
responses for each high fidelity prototype
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Figure 7.93 – Relative % of correct Does not meet and Does meet manufacturing
responses for each high fidelity prototype
Table 7.29 – Significant difference of correct responses for each high fidelity
prototype
Comparison
Correct Answer
Design Problem
Function
Geometric
Manufacturing

Significant
Difference
Correct Answer
No (.951)
Yes (.002)
No (.053)
No (.064)

Significant Difference Significant Difference
Does not meet
Does meet
No (.625)
No (.667)
No Annulus responses
No Annulus responses
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No (.085)
No (.683)
No (.071)
Yes (.044)

Table 7.30 – Relative % of correct responses for each high fidelity prototype
Comparison

% Correct

Mini-Go-Round
Function
Geometric
Manufacturing
Annulus
Function
Geometric
Manufacturing

29.3
35.8
34.9
20.2
29.6
16.4
55.1
32.4

% Correct for Does
not meet
40.0
50.0
0.0
100.0
0.0
0.0
No Responses
No Responses

% Correct for Does
meet
76.4
75.7
88.2
66.7
86.8
70.4
100.0
89.2

Table 7.31 – Confidence of the student responses for each high fidelity prototype
Comparison

% “Confidence”
% “Confidence”
% “Confidence”
Difference of Mini- Difference of Mini- Difference of Minigo-round and
go-round and Annulus go-round and Annulus
Annulus for Does not
for
for
meet (%)*
Can’t Tell (%)**
Does meet (%)*
Design Problem
-6.8
8.9
-0.5
Function
-1.6
17.6
-22.4
Geometric
-18.6
1.2
15.6
Manufacturing
-6.0
3.2
14.8
*Positive values represent more confidence for the Annulus
** Negative values represent more confidence for the Annulus
Shaded cells represent more confidence for Annulus
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APPENDIX E - COMPLETE ANALYSIS OF THE EXTERNAL VALIDATION:
LEVEL OF FIDELITY
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Figure 7.94 - Relative % of responses for different levels of fidelity
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Figure 7.95 - Relative % of responses for functional requirements for different
levels of fidelity
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Figure 7.96 - Relative % of responses for geometric requirements for different levels
of fidelity
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Figure 7.97 - Relative % of responses for manufacturing requirements for different
levels of fidelity
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Table 7.32 – Significant difference and perceived amount of information extracted
from the different level of fidelity representations
Comparison

Significant
Difference
(Answer)

Fidelity
Function
Geometric
Manufacturing

Yes (<.001)
Yes (<.001)
Yes (<.001)
Yes (<.001)

Amount of
information for
low fidelity
representations
(%)
63.5
64.0.
67.2
61.0

Amount of
Level of fidelity
information for with the greater
high fidelity
amount of
representations
information
(%)
78.9
High
74.5
High
85.6
High
80.1
High

(%
#'
H/=!I8@0+825

:%;<"=>%'?

#%

J8F?!I8@0+825
"'
"%
'
%

Figure 7.98 - Relative % of correct responses for different levels of fidelity
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Figure 7.99 - Relative % of correct functional responses for different levels of
fidelity
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Figure 7.100 - Relative % of correct geometric responses for different levels of
fidelity
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Figure 7.101 - Relative % of correct manufacturing responses for different
levels of fidelity
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Figure 7.102 - Relative % of correct Does not meet and Does meet responses for
different levels of fidelity

220

M%$%&
L%$%&

:%;<"=>%'?

K%$%&
E%$%&
'%$%&
)%$%&

H/=!I8@0+825

(%$%&

J8F?!I8@0+825

#%$%&
"%$%&
$%&
*/::0;2!./0-!1/2!3002!
:0-G/1-0-

*/::0;2!./0-!3002!:0-G/1-0-

:%;<"=>%'?

Figure 7.103 - Relative % of correct Does not meet and Does meet functional
responses for different levels of fidelity

%$M"
%$M%'
%$M
%$LM'
%$LM
%$LL'
%$LL
%$LK'
%$LK
%$LE'
%$LE
%$L''

H/=!I8@0+825
J8F?!I8@0+825

*/::0;2!./0-!1/2!3002!
:0-G/1-0-

*/::0;2!./0-!3002!:0-G/1-0-

Figure 7.104 - Relative % of correct Does not meet and Does meet geometric
responses for different levels of fidelity
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Figure 7.105 - Relative % of correct Does not meet and Does meet manufacturing
responses for different levels of fidelity
Table 7.33 – Difference between correct student responses for level of fidelity
representations
Comparison

Level of Fidelity
Function
Geometric
Manufacturing

Significant
Significant difference Significant difference
Difference (Correct
for Does not meet
for Does meet
answer)
responses
responses
Yes (<.001)
No (.083)
No (.669)
No (.154)
No (.837)
No (.531)
Yes (<.001)
No correct ans.
No (.579)
Yes (<.001)
Yes (.001)
No (.362)
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Table 7.34 – Influence of requirement type and Does not meet and Does meet
responses on correct student responses for level of fidelity representations

Low Fidelity
Function
Geometric
Manufacturing
High Fidelity
Function
Geometric
Manufacturing

% Correct

% Correct for
Does not meet

% Correct for
Does meet

16.2
16.8
20.9
13.3
25.1
20.7
37.8
23.5

24.6
36.4
0.0
16.7
42.9
40.0
0.0
100.0

79.6
76.9
87.5
76.9
81.2
72.8
90.7
82.8

Table 7.35 - Student's confidence in their responses for the different level of fidelity
representations
Comparison

“Confidence”
% “Confidence”
% “Confidence”
Difference from low Difference from low Difference from low
to high for Does not
to high for
to high for
meet (%)*
Can’t Tell (%)**
Does meet (%)*
Level of Fidelity
-2.9
-15.4
10.8
Function
-5.1
-10.5
8.8
Geometric
0.6
-18.4
17.8
Manufacturing
-2.3
-19.1
9.4
*Positive values represent more confidence for the High fidelity representations
** Negative values represent more confidence for the High fidelity representations
Shaded cells represent more confidence for High fidelity representation
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APPENDIX F - COMPLETE ANALYSIS OF THE EXTERNAL VALIDATION:
MODE OF REPRESENTATION
F.1 Analysis of the responses for two-dimensional verses physical representations
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Figure 7.106 - Relative % of responses for the different mode of representation
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Figure 7.107 - Relative % of functional responses for different mode of
representation
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Figure 7.108 - Relative % of geometric responses for different mode of
representation
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Figure 7.109 - Relative % of manufacturing responses for different mode of
representations
Table 7.36 – Significant difference and perceived amount of information extracted
from the different modes of representation
Comparison

Significant
Difference
(Answer)

Mode
Function
Geometric
Manufacturing

Yes (<.001)
No (.152)
No (.091)
Yes (<.001)

Amount of
information for
2D
representations
(%)
65.5
63.6
72.0
64.7
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Amount of
information for
physical
representations
(%)
75.8
74.3
79.6
75.3

Mode with the
greater amount
of information

Physical
Same
Same
Physical
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Figure 7.110 - Relative % of correct responses for different mode of representation
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Figure 7.111 - Relative % of correct functional responses for different mode of
representation
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Figure 7.112 - Relative % of correct geometric responses for different mode of
representation
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Figure 7.113 - Relative % of correct manufacturing responses for different mode of
representation
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Figure 7.114 - Relative % of correct Does not meet and Does meet responses for
different mode of representation
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Figure 7.115 - Relative % of correct Does not meet and Does meet functional
responses for different mode of representation
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Figure 7.116 - Relative % of correct Does not meet and Does meet geometric
responses for different mode of representation
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Figure 7.117 - Relative % of correct Does not meet and Does meet manufacturing
responses for different mode of representation
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Table 7.37 – Difference between correct student responses for the different mode of
representations
Comparison

Mode
Function
Geometric
Manufacturing

Significant
Significant difference Significant difference
Difference (Correct
for Does not meet
for Does meet
answer)
responses
responses
Yes (<.001)
No (.696)
No (.579)
Yes (.003)
No (.889)
No (.782)
Yes (<.001)
No correct ans.
No (.411)
Yes (<.001)
No (.281)
No (.554)

Table 7.38 – Influence of requirement type and Does not meet and Does meet
responses on correct student responses for different mode of representation

2D
Function
Geometric
Manufacturing
Physical
Function
Geometric
Manufacturing

% Correct

% Correct for
Does not meet

% Correct for
Does meet

14.6
14.6
20.1
11.9
26.1
22.6
37.5
24.2

27.6
35.7
0.0
27.3
31.7
37.9
0.0
53.3

79.3
75.7
86.4
77.8
81.3
73.9
91.1
81.7

Table 7.39 - Student's confidence in their responses for the different mode of
representations
Comparison

“Confidence”
% “Confidence”
% “Confidence”
Difference of 2D and Difference of 2D and Difference of 2D and
Physical for Does not
Physical for
Physical for
meet (%)*
Can’t Tell (%)**
Does meet (%)*
Level of Fidelity
3.1
-10.0
12.4
Function
3.6
-10.6
9.4
Geometric
6.2
-7.7
17.8
Manufacturing
1.0
-10.6
12.7
*Positive values represent more confidence for the Physical representations
** Negative values represent more confidence for the Physical representations
Shaded cells represent more confidence for Physical representation
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F.2 Analysis of the responses for the sketches and drawing packages
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Figure 7.118 - Relative % of responses for the sketches and drawing packages
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Figure 7.119 - Relative % of functional responses for the sketches and drawing
packages
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Figure 7.120 - Relative % of geometric responses for the sketches and drawing
packages
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Figure 7.121 - Relative % of manufacturing responses for the sketches and drawing
packages
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Table 7.40 – Significant difference and perceived amount of information extracted
from the sketches and drawing packages
Comparison

Significant
Difference
(Answer)

Amount of
information for
sketches (%)

Amount of
information for
drawing
packages (%)
73.0

Mode

Yes (<.001)

59.3

Function
Geometric

No (.399)
Yes (.007)

61.2
66.3

66.3
78.4

Manufacturing

Yes (.003)

53.7

77.3

Mode with the
greater amount
of information
Drawing
package
Same
Drawing
package
Drawing
package
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Figure 7.122 - Relative % of correct responses for sketches and drawing packages
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Figure 7.123 - Relative % of correct functional responses for sketches and drawing
packages
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Figure 7.124 - Relative % of correct geometric responses for sketches and drawing
packages
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Figure 7.125 - Relative % of correct manufacturing responses for sketches and
drawing packages
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Figure 7.126 - Relative % of correct Does not meet and Does meet responses for
sketches and drawing packages
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Figure 7.127 - Relative % of correct Does not meet and Does meet functional
responses for sketches and drawing packages
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Figure 7.128 - Relative % of correct Does not meet and Does meet geometric
responses for sketches and drawing packages
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Figure 7.129 - Relative % of correct Does not meet and Does meet manufacturing
responses for sketches and drawing packages
Table 7.41 – Difference between correct student responses for the sketches and
drawing packages
Comparison

Mode
Function
Geometric
Manufacturing

Significant
Difference (Correct
answer)
Yes (<.001)
No (.234)
Yes (.003)
Yes (<.001)

Significant difference Significant difference
for Does not meet
for Does meet
responses
responses
No (.088)
No (.843)
No (.710)
No (.394)
No (1.000)
No (.462)
Yes (.012)
No (.083)
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Table 7.42 – Influence of requirement type and Does not meet and Does meet
responses on correct student responses for the sketches and drawing packages
% Correct for
Does not meet

% Correct
Sketches
Function
Geometric
Manufacturing
Drawing Packages
Function
Geometric
Manufacturing

9.5
12.6
11.9
5.0
20.5
16.8
29.5
19.9

11.8
28.6
0.0
0.0
50.0
42.9
0.0
100.0

% Correct for
Does meet
78.3
80.6
92.3
62.5
79.6
71.8
83.9
84.2

Table 7.43 - Student's confidence in their responses for the sketches and drawing
packages
Comparison

“Confidence”
% “Confidence”
% “Confidence”
Difference of
Difference of
Difference of
Sketches and
Sketches and Drawing Sketches and Drawing
Drawing packages
packages for
packages for
for Does not meet
Can’t Tell (%)**
Does meet (%)*
(%)*
Mode
-0.6
-13.7
12.5
Function
0.5
-5.1
6.7
Geometric
0.3
-12.1
22.3
Manufacturing
-2.3
-23.6
13.6
*Positive values represent more confidence for the Drawing package representations
** Negative values represent more confidence for the Drawing package representations
Shaded cells represent more confidence for Drawing package representation
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F.3 Analysis of the responses for the sketches and low fidelity prototypes
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Figure 7.130 - Relative % of responses for the sketches and low fidelity prototypes
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Figure 7.131 - Relative % of functional responses for the sketches and low fidelity
prototypes
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Figure 7.132 - Relative % of geometric responses for the sketches and low fidelity
prototypes
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Figure 7.133 - Relative % of manufacturing responses for the sketches and low
fidelity prototypes
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Table 7.44 – Significant difference and perceived amount of information extracted
from the sketches and low fidelity prototypes
Comparison

Significant
Difference
(Answer)

Amount of
information for
sketches (%)

Mode
Function
Geometric
Manufacturing

No (.319)
No (.235)
No (.468)
Yes (.013)

59.3
61.2
66.3
53.7

Amount of
information for
low fidelity
prototypes (%)
67.6
68.8
68.0
68.3

Mode with the
greater amount
of information
Same
Same
Same
Low fidelity
prototypes
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Figure 7.134 - Relative % of correct responses for the sketches and low fidelity
prototypes
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Figure 7.135 - Relative % of correct functional responses for the sketches and low
fidelity prototypes
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Figure 7.136 - Relative % of correct geometric responses for the sketches and low
fidelity prototypes
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Figure 7.137 - Relative % of correct manufacturing responses for the sketches and
low fidelity prototypes
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Figure 7.138 - Relative % of correct Does not meet and Does meet responses for the
sketches and low fidelity prototypes
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Figure 7.139 - Relative % of correct Does not meet and Does meet functional
responses for the sketches and low fidelity prototypes
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Figure 7.140 - Relative % of correct Does not meet and Does meet geometric
responses for the sketches and low fidelity prototypes
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Figure 7.141 - Relative % of correct Does not meet and Does meet manufacturing
responses for the sketches and low fidelity prototypes
Table 7.45 – Difference between correct student responses for the sketches and low
fidelity prototypes
Comparison

Mode
Function
Geometric
Manufacturing

Significant
Significant difference Significant difference
Difference (Correct
for Does not meet
for Does meet
answer)
responses
responses
Yes (<.001)
No (.152)
No (.773)
Yes (.020)
No (.714)
No (.529)
Yes (.002)
No (1.000)
No (.544)
Yes (<.001)
No (.315)
No (.118)
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Table 7.46 – Influence of requirement type and Does not meet and Does meet
responses on correct student responses for the sketches and low fidelity prototypes

Sketches
Function
Geometric
Manufacturing
Low fidelity prototypes
Function
Geometric
Manufacturing

% Correct

% Correct for
Does not meet

% Correct for
Does meet

9.5
12.6
11.9
5.0
23.0
21.0
30.0
21.6

11.8
28.6
0.0
0.0
29.5
38.5
0.0
30.0

78.3
80.6
92.3
62.5
80.2
74.5
85.7
81.6

Table 7.47 - Student's confidence in their responses for the sketches and low fidelity
prototypes
Comparison

“Confidence”
% “Confidence”
% “Confidence”
Difference of
Difference of
Difference of
sketches and low
sketches and low
sketches and low
fidelity prototypes fidelity prototypes for fidelity prototypes for
for Does not meet
Can’t Tell (%)**
Does meet (%)*
(%)*
Mode
5.3
-8.3
13.9
Function
8.8
-5.6
7.5
Geometric
6.0
-1.7
22.1
Manufacturing
1.0
-14.6
16.6
*Positive values represent more confidence for the low fidelity prototypes
** Negative values represent more confidence for the low fidelity prototypes
Shaded cells represent more confidence for low fidelity prototypes
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F.4 Analysis of the responses for the sketches and high fidelity prototypes
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Figure 7.142 - Relative % of responses for the sketches and high fidelity prototypes
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Figure 7.143 - Relative % of functional responses for the sketches and high fidelity
prototypes
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Figure 7.144 - Relative % of geometric responses for the sketches and high fidelity
prototypes
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Figure 7.145 - Relative % of manufacturing responses for the sketches and high
fidelity prototypes
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Table 7.48 – Significant difference and perceived amount of information extracted
from the sketches and high fidelity prototypes
Comparison

Significant
Difference
(Answer)

Amount of
information for
sketches (%)

Mode

Yes (<.001)

59.3

Amount of
information for
high fidelity
prototypes (%)
84.4

Function

Yes (<.001)

61.2

82.2

Geometric

Yes (<.001)

66.3

92.4

Manufacturing

Yes (<.001)

53.7

82.8

Mode with the
greater amount
of information
High fidelity
prototypes
High fidelity
prototypes
High fidelity
prototypes
High fidelity
prototypes
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Figure 7.146 - Relative % of correct responses for the sketches and high fidelity
prototypes
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Figure 7.147 - Relative % of correct functional responses for the sketches and high
fidelity prototypes
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Figure 7.148 - Relative % of correct geometric responses for the sketches and high
fidelity prototypes
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Figure 7.149 - Relative % of correct manufacturing responses for the sketches and
high fidelity prototypes
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Figure 7.150 - Relative % of correct Does not meet and Does meet responses for the
sketches and high fidelity prototypes
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Figure 7.151 - Relative % of correct Does not meet and Does meet functional
responses for the sketches and high fidelity prototypes
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Figure 7.152 - Relative % of correct Does not meet and Does meet geometric
responses for the sketches and high fidelity prototypes
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Figure 7.153 - Relative % of correct Does not meet and Does meet manufacturing
responses for the sketches and high fidelity prototypes

Table 7.49 – Difference between correct student responses for the sketches and high
fidelity prototypes
Comparison

Mode
Function
Geometric
Manufacturing

Significant
Significant difference Significant difference
Difference (Correct
for Does not meet
for Does meet
answer)
responses
responses
Yes (<.001)
No (.150)
No (.513)
Yes (.002)
No (.886)
No (.444)
Yes (<.001)
No (1.000)
No (.658)
Yes (<.001)
Yes (.002)
No (.106)
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Table 7.50 – Influence of requirement type and Does not meet and Does meet
responses on correct student responses for the sketches and high fidelity prototypes

Sketches
Function
Geometric
Manufacturing
High fidelity prototypes
Function
Geometric
Manufacturing

% Correct

% Correct for
Does not meet

% Correct for
Does meet

9.5
12.6
11.9
5.0
29.5
24.4
45.7
26.9

11.8
28.6
0.0
0.0
37.5
33.3
0.0
100.0

78.3
80.6
92.3
62.5
82.2
73.4
95.5
81.8

Table 7.51 - Student's confidence in their responses for the sketches and high
fidelity prototypes
Comparison

“Confidence”
% “Confidence”
% “Confidence”
Difference of
Difference of
Difference of
sketches and high
sketches and high
sketches and high
fidelity prototypes fidelity prototypes for fidelity prototypes for
for Does not meet
Can’t Tell (%)**
Does meet (%)*
(%)*
Mode
0.1
-25.1
22.7
Function
-1.8
-22.1
18.0
Geometric
6.7
-26.1
34.9
Manufacturing
-1.3
-29.1
21.6
*Positive values represent more confidence for the high fidelity prototypes
** Negative values represent more confidence for the high fidelity prototypes
Shaded cells represent more confidence for high fidelity prototypes
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F.5 Analysis of the responses for the drawing packages and low fidelity prototypes
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Figure 7.154 - Relative % of responses for the drawing packages and low fidelity
prototypes
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Figure 7.155 - Relative % of functional responses for the drawing packages and low
fidelity prototypes
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Figure 7.156 - Relative % of geometric responses for the drawing packages and low
fidelity prototypes
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Figure 7.157 - Relative % of manufacturing responses for the drawing packages and
low fidelity prototypes
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Table 7.52 – Significant difference and perceived amount of information extracted
from the drawing packages and low fidelity prototypes
Comparison

Significant
Difference
(Answer)
Yes (.043)

Amount of
information for
drawing
packages (%)
73.0

Amount of
information for
low fidelity
prototypes (%)
67.6

Mode
Function
Geometric
Manufacturing

No (.072)
No (.152)
No (.749)

66.3
78.4
77.3

66.8
68.0
68.3

Mode with the
greater amount
of information
Drawing
packages
Same
Same
Same

#($'
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*/::0;2!C0-G/1-0-

Figure 7.158 - Relative % of correct responses for the drawing packages and low
fidelity prototypes
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Figure 7.159 - Relative % of correct functional responses for the drawing packages
and low fidelity prototypes
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Figure 7.160 - Relative % of correct geometric responses for the drawing packages
and low fidelity prototypes
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Figure 7.161 - Relative % of correct manufacturing responses for the drawing
packages and low fidelity prototypes
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Figure 7.162 - Relative % of correct Does not meet and Does meet responses for the
drawing packages and low fidelity prototypes
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Figure 7.163 - Relative % of correct Does not meet and Does meet functional
responses for the drawing packages and low fidelity prototypes
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Figure 7.164 - Relative % of correct Does not meet and Does meet geometric
responses for the drawing packages and low fidelity prototypes
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Figure 7.165 - Relative % of correct Does not meet and Does meet manufacturing
responses for the drawing packages and low fidelity prototypes
Table 7.53 – Difference between correct student responses for the drawing packages
and low fidelity prototypes
Comparison

Mode
Function
Geometric
Manufacturing

Significant
Significant difference Significant difference
Difference (Correct
for Does not meet
for Does meet
answer)
responses
responses
No (.356)
No (.189)
No (.920)
No (.682)
No (.880)
No (.782)
No (.946)
No (1.000)
No (.836)
No (.682)
No (.077)
No (.754)
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Table 7.54 – Influence of requirement type and Does not meet and Does meet
responses on correct student responses for the drawing packages and low fidelity
prototypes

Drawing packages
Function
Geometric
Manufacturing
Low fidelity prototypes
Function
Geometric
Manufacturing

% Correct

% Correct for
Does not meet

% Correct for
Does meet

20.5
16.8
29.5
19.9
23.0
21.0
30.0
21.6

50.0
42.9
0.0
100.0
29.5
38.5
0.0
30.0

79.6
71.8
83.9
84.2
80.2
74.5
85.7
81.6

Table 7.55 - Student's confidence in their responses for the drawing packages and
low fidelity prototypes
Comparison

“Confidence”
% “Confidence”
% “Confidence”
Difference of
Difference of drawing Difference of drawing
drawing packages
packages and low
packages and low
and low fidelity fidelity prototypes for fidelity prototypes for
prototypes for Does
Can’t Tell (%)**
Does meet (%)*
not meet (%)*
Mode
-5.9
-5.3
-1.4
Function
-8.3
0.5
-0.8
Geometric
-5.7
-10.4
0.2
Manufacturing
-3.3
-9.0
-3.0
*Positive values represent more confidence for the drawing packages
** Negative values represent more confidence for the drawing packages
Shaded cells represent more confidence for drawing packages

263

F.6 Analysis of the responses for the drawing packages and high fidelity prototypes
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Figure 7.166 - Relative % of responses for the drawing packages and high fidelity
prototypes
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Figure 7.167 - Relative % of functional responses for the drawing packages and high
fidelity prototypes
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Figure 7.168 - Relative % of geometric responses for the drawing packages and high
fidelity prototypes
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Figure 7.169 - Relative % of manufacturing responses for the drawing packages and
high fidelity prototypes
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Table 7.56 – Significant difference and perceived amount of information extracted
from the drawing packages and high fidelity prototypes
Comparison

Significant
Difference
(Answer)
Yes (<.001)

Amount of
information for
drawing
packages (%)
73.0

Amount of
information for
high fidelity
prototypes (%)
84.4

Mode
Function

Yes (.002)

66.3

82.2

Geometric
Manufacturing

No (.172)
Yes (.006)

78.4
77.3

92.4
82.8

Mode with the
greater amount
of information
High fidelity
prototypes
High fidelity
prototypes
Same
High fidelity
prototypes

('$%
(%$%

:%;<"=>%'?

#'$%
#%$%
.:,=81F!7,;O,F0

"'$%

J8F?!>8@0+825!G:/2/25G0-

"%$%
'$%
%$%
*/::0;2!C0-G/1-0-

Figure 7.170 - Relative % of correct responses for the drawing packages and high
fidelity prototypes
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Figure 7.171 - Relative % of correct functional responses for the drawing packages
and high fidelity prototypes
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Figure 7.172 - Relative % of correct geometric responses for the drawing packages
and high fidelity prototypes
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Figure 7.173 - Relative % of correct manufacturing responses for the drawing
packages and high fidelity prototypes
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Figure 7.174 - Relative % of correct Does not meet and Does meet responses for the
drawing packages and high fidelity prototypes
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Figure 7.175 - Relative % of correct Does not meet and Does meet functional
responses for the drawing packages and high fidelity prototypes
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Figure 7.176 - Relative % of correct Does not meet and Does meet geometric
responses for the drawing packages and high fidelity prototypes
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Figure 7.177 - Relative % of correct Does not meet and Does meet manufacturing
responses for the drawing packages and high fidelity prototypes

Table 7.57 – Difference between correct student responses for the drawing packages
and high fidelity prototypes
Comparison

Mode
Function
Geometric
Manufacturing

Significant
Significant difference Significant difference
Difference (Correct
for Does not meet
for Does meet
answer)
responses
responses
Yes (.002)
No (.599)
No (.596)
No (.071)
No (.833)
No (.856)
Yes (.026)
No (1.000)
No (.092)
No (.117)
No (1.000)
No (.765)
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Table 7.58 – Influence of requirement type and Does not meet and Does meet
responses on correct student responses for the drawing packages and high fidelity
prototypes

Drawing packages
Function
Geometric
Manufacturing
High fidelity prototypes
Function
Geometric
Manufacturing

% Correct

% Correct for
Does not meet

% Correct for
Does meet

20.5
16.8
29.5
19.9
29.5
24.4
45.7
26.9

50.0
42.9
0.0
100.0
37.5
33.3
0.0
100.0

79.6
71.8
83.9
84.2
82.2
73.4
95.5
81.8

Table 7.59 - Student's confidence in their responses for the drawing packages and
high fidelity prototypes
Comparison

“Confidence”
% “Confidence”
% “Confidence”
Difference of
Difference of drawing Difference of drawing
drawing packages
packages and high
packages and high
and high fidelity fidelity prototypes for fidelity prototypes for
prototypes for Does
Can’t Tell (%)**
Does meet (%)*
not meet (%)*
Mode
0.7
-11.4
10.2
Function
-2.3
-15.9
11.3
Geometric
6.4
-14.0
12.6
Manufacturing
1.0
-5.5
8.0
*Positive values represent more confidence for the high fidelity prototypes
** Negative values represent more confidence for the high fidelity prototypes
Shaded cells represent more confidence for high fidelity prototypes
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F.7 Analysis of the responses for the low fidelity prototypes and high fidelity
prototypes
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Figure 7.178 - Relative % of responses for the low fidelity prototypes and high
fidelity prototypes
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Figure 7.179 - Relative % of functional responses for the low fidelity prototypes and
high fidelity prototypes
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Figure 7.180 - Relative % of geometric responses for the low fidelity prototypes and
high fidelity prototypes
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Figure 7.181 - Relative % of manufacturing responses for the low fidelity prototypes
and high fidelity prototypes
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Table 7.60 – Significant difference and perceived amount of information extracted
from the low fidelity prototypes and high fidelity prototypes
Comparison

Significant
Difference
(Answer)
Yes (<.001)

Amount of
information for
low fidelity
prototypes (%)
67.6

Amount of
information for
high fidelity
prototypes (%)
84.4

Mode
Function

Yes (<.001)

68.8

82.2

Geometric

Yes (.016)

68.0

92.4

Manufacturing

Yes (.002)

68.3

82.8

Mode with the
greater amount
of information
High fidelity
prototypes
High fidelity
prototypes
High fidelity
prototypes
High fidelity
prototypes
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Figure 7.182 - Relative % of correct responses for the low fidelity prototypes and
high fidelity prototypes
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Figure 7.183 - Relative % of correct functional responses for the low fidelity
prototypes and high fidelity prototypes
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Figure 7.184 - Relative % of correct geometric responses for the low fidelity
prototypes and high fidelity prototypes
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Figure 7.185 - Relative % of correct manufacturing responses for the low fidelity
prototypes and high fidelity prototypes
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Figure 7.186 - Relative % of correct Does not meet and Does meet responses for the
low fidelity prototypes and high fidelity prototypes
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Figure 7.187 - Relative % of correct Does not meet and Does meet functional
responses for the low fidelity prototypes and high fidelity prototypes
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Figure 7.188 - Relative % of correct Does not meet and Does meet geometric
responses for the low fidelity prototypes and high fidelity prototypes
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Figure 7.189 - Relative % of correct Does not meet and Does meet manufacturing
responses for the low fidelity prototypes and high fidelity prototypes
Table 7.61 – Difference between correct student responses for the low fidelity
prototypes and high fidelity prototypes
Comparison

Mode
Function
Geometric
Manufacturing

Significant
Significant difference Significant difference
Difference (Correct
for Does not meet
for Does meet
answer)
responses
responses
Yes (.021)
No (.561)
No (.654)
No (.420)
No (.920)
No (.903)
Yes (.026)
No (1.000)
No (.133)
No (.228)
Yes (.028)
No (.981)
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Table 7.62 – Influence of requirement type and Does not meet and Does meet
responses on correct student responses for the low fidelity prototypes and high
fidelity prototypes

Low fidelity prototypes
Function
Geometric
Manufacturing
High fidelity prototypes
Function
Geometric
Manufacturing

% Correct

% Correct for
Does not meet

% Correct for
Does meet

23.0
21.0
30.0
21.6
29.5
24.4
45.7
26.9

29.5
38.5
0.0
30.0
37.5
33.3
0.0
100.0

80.2
74.5
85.7
81.6
82.2
73.4
95.5
81.8

Table 7.63 - Student's confidence in their responses for the low fidelity prototypes
and high fidelity prototypes
Comparison

“Confidence”
% “Confidence”
% “Confidence”
Difference of low
Difference of low
Difference of low
fidelity prototypes
fidelity prototypes
fidelity prototypes
and high fidelity
and high fidelity
and high fidelity
prototypes for Does
prototypes for
prototypes for
not meet (%)*
Can’t Tell (%)**
Does meet (%)*
Mode
-5.2
-16.8
8.8
Function
-10.6
-15.4
10.5
Geometric
0.7
-24.4
12.8
Manufacturing
-2.3
-14.5
5.0
*Positive values represent more confidence for the high fidelity prototypes
** Negative values represent more confidence for the high fidelity prototypes
Shaded cells represent more confidence for high fidelity prototypes
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